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ABSTRACT 


The  American  lip^htninsf  protection  industry  had  its  beginning  in  1755  when 
Franklin  stated  definitely  for  the  first  time  that  lightning  rods  were  intended  not 
only  to  "sQently  draw  the  electric  fire"  from  the  clouds,  but  also  to  intercept  and 
ground  any  discharge.  Lightning  protection  specifications  began  in  1762  when 
Franklin  inspected  the  house  of  a Mr.  West  in  Philadelphia,  which  had  been  struck 
and  slightly  damaged  near  the  lightning  ground.  Franklin  observed  that  "The  rod 
should  have  been  sunk  deeper  till  it  came  to  earth  moister  ..." 

This  paper  will  trace  the  development  of  the  lightning  protection  industry 
in  America  from  that  time  until  now,  featuring  the  highlights  of  the  industry's 
economic  as  well  as  technological  progress,  with  particular  emphasis  on  the 
development  of  standards.  Industry  practices  in  regard  to  the  use  of  codes  and 
practical  application  of  standards  will  also  be  highlighted. 

Basic  changes  in  materials,  parts,  and  other  details  will  be  covered  as  well 
as  the  gradual  evolution  in  thinking  in  regard  to  the  purposes  of  lightning  protection 
systems.  Today,  the  industry  aims  only  to  ground  any  lightning  stroke;  it  does 
not  attempt,  as  Franklin  first  said,  to  prevent  a stroke  from  occurring. 

Today,  after  a five-year  period  of  recent  change,  the  lightning  protection 
industry  has  its  first  Certified  Master  Installers,  Designers,  Certified  Systems, 
own  installation  codebook,  and  first  graduates  of  a special  lightning  protection 
educational  course. 

The  changes  brought  about  by  the  new  programs  and  the  likely  long-range 
effects  of  them  will  also  be  discussed.  j 

! 

I 

\ 


•’GROUNDING  THE  UNDERRATED  DESTROYER 


BEN  FRANKLIN  STYLE 


By  Marvin  M.  Ei'ydenlund 
Managing  Director 
Lightning  Protection  Institute 
Harvard,  Illinois 


FIGURE  - I 

Benjamin  Franklin,  writer,  publisher,  first  American  post- 
master general,  statesman-patriarch  of  the  Revolutionary  cause, 
earned  his  first  and  greatest  glory  through  his  work  with 
lightning  and  lightning  protection.  Because  of  it,  he  was  an 
international  folk  hero  22  years  before  the  Declaration  of 
Independence,  which  he  helped  Thomas  Jefferson  write. 

During  seven  years,  from  1747  through  1753,  Franklin  created 
the  three  basic  components  of  the  North  American  lightning 
protection  industry.  He  founded  its  science  by  identifying 
lightning  as  electricity;  he  devised  its  product  by  inventing  the 
lightning  rod;  and  he  laid  its  technological  foundation  when  he 
supervised  the  first  lightning  rod  installations  on  houses  in 
his  hometown,  Philadelphia. 

FIGURE  - 2 

Buildings  protected  with  Franklin  Rods  included  the  Warner 
House,  still  standing  at  Portsmouth,  New  Hampshire.  On  its 
roof  is  a lightning  rod  said  to  have  been  installed  in  1762 
under  the  eye  of  the  inventor  himself. 
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FIGURE  - 3 


Franklin  was  at  the  same  time  an  idealist  philosopher,  an 
original  inventor,  and  a persuasive  writer  and  speaker  with 
an  active  sense  of  humor.  In  brief,  he  had  great  style.  And 
he  imprinted  that  style  so  clearly  on  the  industry  he  founded 
that  it  is  still  visible  today. 

Compare  a 1767  Franklin  Rod  installation  to  an  ornamented 
system  of  150  years  later.  Then  compare  both  systems  to  a 
modern  installation  made  by  a Lightning  Protection  Master  In- 
staller in  1977 . 

The  three  basic  parts  --  points,  conductors,  and  grounds, 
have  remained  essentially  the  same.  The  "power  of  the  points", 
as  Franklin  sometimes  referred  to  the  point  discharge  phenomenon 
that  determined  the  configuration  of  lightning  rods,  is  sacro- 
sanct to  this  day  in  America. 

FIGURE  - 4 

Whatever  its  height,  whatever  the  material  used,  and  however 
plainly  designed  or  ornamented,  the  sharply  pointed  lightning 
rod,  or  air  terminal  point  as  it  is  now  called,  is  the  essence 
of  lightning  protection,  Ben  Franklin  style. 

FIGURE  - 5 

To  tell  clearly  the  story  of  grounding  the  underrated  desti'oyer, 
Ben  Franklin  style,  requires  a sketch  of  its  224-year  history. 

The  story  began  in  1753  when  the  first  Franklin  Rod  installa- 
tions were  made  in  Philadelphia.  The  224  years  divide  conveniently 
into  seven  periods,  each  beginning  and  ending  with  a particularly 
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significant  event. 
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Period  1 was  the  Franklin  Era.  Its  15  years  were  dominated 
by  the  inventor  himself.  After  1753  he  gave  lightning  protec- 
tion less  and  less  attention,  and  m.ade  his  last  noteworthy 
contribution  to  it  in  1767. 

FIGURE  - b , 

For  want  of  a better  term,  Period  2 can  be  called  the  Hiatus. 
It  was  a leaderless,  115-year  stretch  between  the  influences  of 
Ben  Franklin  and  Thomas  Edison.  Edison  inspired  a spate  of 
lightning  research  activity  when  he  launched  the  electric  power 
industry,  with  its  lightning-caused  outages  and  other  problems. 

FIGURE  - 7 

Period  3,  the  Organizational  Era,  began  with  a reassertion 
of  lightning  protection  leadership,  not  by  a strong -individual 
this  time,  but  by  an  international  group  which  convened  a 
Lightning  Rod  Conference  in  1882  at  London,  England.  Conferees 
wrote  a set  of  international  consensus  specifications  for 
lightning  protection. 

This  Era  climaxed  22  years  later  with  another,  even  more 
significant  group  action,  by  the  National  Fire  Protection  Asso- 
ciation. In  1904,  the  NFPA  adopted  the  first  edition  of  what 
later  became  the  American  national  consensus  code,  NFPA  No.  78. 

FIGURE  - 8 

Period  4 was  colorful,  active,  and  unfortunately  for  the 
cause  of  proper  lightning  protection,  freewheeling.  Many  names 
come  to  mind  that  might  fit  the  37-year  period  between  1904  and 
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FIGURE  - 7 
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1941,  but  the  one  that  seems  to  wear  best  is  Lightning  Rod  | 

Heyday . j 

The  era  began  with  a promotional  boost  by  the  NFPA  installa-  ] 

tion  code,  helped  along  by  rate  credits  granted  by  farm  mutual 

insui'ance  companies  on  rodded  buildings.  ^ 

The  industry  mushroomed  in  those  early  years  of  this  century. 

At  one  point,  about  100  companies  claimed  to  be  lightning  rod 

manufacturers.  Some  of  the  more  successful  salesmen  were  i 

chauffeured  by  their  own  wagon  drivers.  Installer  crews  followed 
in  their  wake  with  other  wagons  heavily  loaded  with  materials. 

FIGURE  - 9 

Competitive  claims  grew  more  and  more  fanciful.  Ethics  and 
workmanship  suffered  as  some  of  the  less  successful  manufacturers 
and  installers  fell  behind,  then  fought  to  catch  up  with  the 
leaders.  In  1923,  Underwriters  Laboratories  created  the  UL  Master 
Label  Service  to  inspect  factory  materials  and  the  quality  of 
installations . 

Houses  and  barns  constituted  the  major  share  of  the  Heyday 
market.  The  Great  Depression  of  the  1930 's  cooled  promotional 
activities  of  survivors  of  the  intense  competition  in  the  1920 's. 

Only  a handful  of  better  managed  manufacturing  companies  made 
it  through  the  depression.  The  period  ended  with  the  outbreak 
of  World  War  II. 

FIGURE  - 10 

In  1941,  America  mobilized  for  World  War  II.  Manufacturers 
and  installers  of  lightning  protection  systems  entered  the 
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Militai’y  Era.  The  farmer  ceased  to  be  the  largest  customer. 

His  place  was  taken  over  by  Army  and  Navy  engineers  and  govern- 
ment architects.  For  13  years,  from  1941  through  the  Second 
World  War,  the  Korean  War  and  its  aftermath,  and  until  1955,  a 
large  share  of  business  was  protection  of  arsenals,  defense 
plants,  munitions  dumps,  other  military  and  government  facili- 
ties, and  finally,  defense  missile  sites. 

FIGURE  - 11 

In  1955,  the  Lightning  Rod  Manufacturers  Association  found  it 
needed  to  re-educate  the  consumer  market.  The  Association  took 
the  most  significant  step  since  1904,  forming  the  Lightning 
Protection  Institute.  Of  eight  companies  at  that  time  which 
were  full-fledged  specialized  manufacturers  of  lightning  pro- 
tection materials  and  parts,  six  were  charter  members  of  the 
Institute . 

They  were  Thompson  Lightning  Protection,  Inc.,  St.  Paul, 
Minnesota,  which  was  the  organizing  company ; The  Carl  Bajour 
Company,  Inc.,  Jonesboro,  Arkansas;  Independent  Protection  Co., 
Inc.,  Goshen,  Indiana;  National  Lightning  Rod  Company,  St.  Louis, 
Missouri;  Security  Lightning  Rod  Company,  Burlington,  Wisconsin; 
and  West  Dodd  Lightning  Conductor  Corporation,  Goshen,  Indiana. 

National  and  Security  have  since  gene  out  of  business.  Although 
membership  has  remained  open,  the  foui'  surviving  Manufact urei’ 
Members  supported  the  Institute  alone  until  1975.  Most  of  the 
Institute's  budget  went  for  educational  materials  and  public 
relations  projects  during  its  first  20  years.  In  the  beginning, 
old-fashioned  "scare  tactics"  were  still  in  vogue.  This  period 
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More  People  Are  Injured 
, , by  LIGHTNING 

than  by 

Floods  - Tornadoes  - Hurricanes 


can  be  termed  the  Educational  Era. 


FIGURE  -12 

The  year’’  197  5 marked  the  beginning  of  the  current  Era  of 
Professionalism.  Time  may  prove  1975  the  most  significant 
year  for  lightning  protection  since  1753.  Three  events  took 
place  that  year: 

1.  The  Lightning  Protection  Institute  published  the  first 
industry-produced  installation  code,  LPI-175. 

2.  The  Institute  introduced  a testing  and  certification 
program  for  Master^  Installers,  Designers,  and  Journeyman  In- 
stallers . 

3.  The  LPI  support  base  was  bro<udened  by  creation  of  a new 
sponsorship  category.  Contractor  Members  and  their  employees. 

FIGURE  - 13 

The  title  term,  "Underrated  Destroyer"  was  suggested  by  a 
cover  article  in  the  April,  1976  issue  of  NOAA,  magazine  of  the 
National  Oceanic  and  Atmospheric  Administration.  That  article, 
by  Edwin  Weigel,  "Lightning:  The  Underrated  Killer",  described 
a 34-year  study  that  showed  lightning  responsible  for  7,000 
deaths  in  the  United  States,  55  percent  more  than  were  killed 
by  tornadoes,  and  41  percent  more  than  died  in  hurricanes  and 
floods  combined.  This  even  though  lightning  as  a cause  of 
death  is  underrated. 

Mr.  Weigel  explained  that  because  lightning  usually  kills 
one  person  at  a time,  it  does  not  attract  nationwide  attention 
as  do  the  multiple-death  occurances  of  far  less  frequent 
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FIGURE  - 12 


WhyT  ^BecawiM  tie  oonAdent  ^ uqr 
aamul  toul  of  litkiniat  dcatki  •>»  covM. 
provide  would  be  M'loir  for  the  mtioa  a 
a whole.*  uyt  Marvia  ■utley,  thief  of  the 
Cooperative  Data  Branch  of  the  Oimatic 
Center.  "Weather  Service  Beld  unitt  caeil 
pouhly  leam  about  aH  of  tht.lithlniiii  fa- 
tolitin  in  dfoir  areas  of  leapoasihility.  Their 
prhicipel  ewiptunent  as  forecastinp  the 
weather,  and  this  takes  ptceedence  over  tabii- 
tatint  etome  deaths,  injuries  and  danaae, 
althonth  they  do  the  best  they  can.” 

Then  who  does  supply  hiJhtning  fatahly 
statistics  for  the  nation?  ! 

For  years,  this  information  hat  bten.pbo- 
vided  by  dw  National  Center  for  Heahh 
Statistics,  U.S.  PdUic' Health  Service,  De- 
partment of  Health.  Education  aad  Welfare. 


accurate  count  than  other  totucee.  since 
such  oettMlBaMe  ate  prepared  piif  W 
by  skilled  inedichl  exarainen.  9ut  these  is 
a Haw  in  this  reasoning, 'hosed  qn  a change 
that  took  place  in  the  HeaMl^trtncc't  ndet 
for  tabulating  ligNlafog  dtalfot  snore  than  20 
yean  ago.  V’. 

According  to  kfaryfat  'D.  ' Megnnsnn, 
former  K^ional  CUawtotogitt  fit  the 
Wcilem  Region  of  the  Naiiorud  Weather 
Service.  "Slelistict  cowpilsd  by  the  FiMic 
Heehh  Service  prior  to  t95S  conUhi  other 
caueee  of  deeds,  tuch  ae  thaec  rewUH  front 
llret  rtaned  by  Ughtning.  In  1953.  HeaUi 
Service  cadng  ruta  were  inodHM  an  that. 
aH  deaths  caused  by  any  acddcnl  that  was 


Lightning  kills  more  people  in  the  Ueiled 
States  than  tornadoes.  Roods  or  hufricanet. 

During  the  34-year  period  that  ended 
Jen.  I.  1974,  lightning  was  mponalble  for 
the  deaths  of  about  7,000  Americans,  ar  SS 
percent  more  than  ware  killed  by  totnadoea 
aad  at  letisi  41  percent  more  than  were 
killed  by  hurricanes  and  floods  eotnbined. 

This  total  of  lightning  deaths  it  uadoubt- 
edly  conservative,  statistics-gatheren  agree. 
Many  are  not  included  in  national  summar- 
ies because  lightning  usually  kiAs  only  one 
person  al  a lime.  Ocusionally  thefc  ate  two 
deaths  from  a single  stroke:  rarely  ^ many 
as  three  or  more  (although  multiple  num- 
bers of  injured  from  a single  bolt  are  not 
uncommon.) 

Lightning  deaths  don7  attract  nationwide 
attention,  as  do  the  more-spectacular  hur- 
ricanes, tornadoes,  aod  floods,  which  may 
kill  hundieds  and  cause  many  millions  of 
dollart  in  property  damage  in  a single  cpi- 
sode. 

Pafadosicany,  though,  the  itatidics  avail- 
able indicate  ttet  the  annual  numbers  o{ 
lightning  deaths  in  recent  years  have  bceli 
much  lower  lhan  death  tolls  earlier  in  tUa 
ceoluty,  even  though  the  U.S.  populatMo 
has  increased  greatly.  There  were,  (of  ex- 
ample, 120  per  year  for  the  decade  ending 
with  1973,  compared  to  an  average  of  329 
per  year  during  the  decade  of  the  1940’s. 
This'  apparent  drop  is  misleading.  To  under- 
stand why.  it's  nccessaiy  to  know  a little 
about  the  complex  subject  of  naturaMisasler 
statiwics. 

Annual  death  toils  for  hurricanes,  torna- 
does and  floods  are  prepared  by  NOAA^ 
Nalianal  Climatic  Center  in  AsheviDe,  N.C„ 
uxF  puMisInd  in  its  annual  TTimatoh^cai 
Data,  National  Summary.*  But  lightnuig 
death  lolls  are  not  included  in  this  suimaaiy, 
even  though  the  Center  receives  esch  month 
tallies  of  lightning  deaths  and  injnriai,  from 
Held  oAlces  of  the  Natiodal  Weafoer  Service 
aod  publishes  them  in  a monthly  periotTical 
called  "Storm  Dale.'* 
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I tornadoes,  floods,  and  hurricanes.  And,  many  lightning  fatali- 

ties are  attributed  instead  to  the  immediate  death  cause,  such 
t as  asphixiation  in  a lightning-caused  fire,  or  electrocution 

from  a lightning-downed  powerline. 

I Lightning  also  destroys  more  property  than  is  generally 

blamed  to  it.  Again  one  reason  is  that  lightning  usually 
ignites  only  one  building  at  a time.  And  smaller  losses,  such 
as  destruction  of  an  electrical  system  or  an  appliance,  or  a 
tree,  do  not  find  their  way  into  public  records.  Such  small 
lightning  losses  are  so  frequent  and  scattered  that  only  a 
portion  of  them  could  be  recorded  by  any  existing  loss-gathering 
method  or  organization. 

When  an  estimate  is  made  that  lightning  causes  a certain 
amount  of  property  loss  annually  in  the  United  States,  the  figure 
is  based  on  fragmentory  statistics.  Thus,  the  title. 

FIGURE  - R 

Technological  progress  of  lightning  protection  from  1753  to 
1977  can  be  traced  in  eight  steps. 

The  first  systems  installed  in  Philadelphia  during  1753  were 
described  in  Franklin's  POOR  RICHARD'S  ALMANACK  of  that  year: 

"The  method  is  this:  provide  a small  iron  rod  (it  may  be 
made  of  rod-iron  used  by  the  nailers)  but  of  such  length,  that 
one  end  being  three  or  four  feet  in  the  moist  ground,  the  other 
may  be  six  or  eight  feet  above  the  highest  part  of  the  building. 
To  the  upper  end  fasten  about  a foot  of  brass  wire,  the  size  of 
a common  knitting  needle,  sharpened  to  a fine  point;  the  rod 


may  be  secured  to  the  house  with  a few  small  staples.  If  the 
house  or  barn  be  long,  there  may  be  a rod  or  point  at  each  end, 
and  a middling  wire  along  the  ridge  from  one  to  the  other." 

Note  that  for  a small  house,  lightning  protection  consisted 
of  only  two  parts  --  a foot  of  brass  wire  attached  to  one  long 
rod,  attached  to  the  wall  by  a few  staples.  The  two  ground  rods 
and  the  "middling  wire"  franklin  mentioned  were  the  beginning 
of  our  present  system  of  grounds,  conductors  and  air  terminals. 
Even  then,  in  1753,  franklin  recognized  the  limited  protective 
I'ange  of  a single  rod.  The  presence  of  that  phrase,  "middling 
wire",  in  franklin's  original  announcement  is  x^emarkable  evidence 
that  lightning  protection  circa  1977,  American  style,  is  light- 
ning protection,  Ben  franklin  style. 

FIGURE  - 15 

In  1760  , franklin  inspected  a I’odded  house  belonging  to  a 
Mr.  West  in  Philadelphia  which  had  been  struck.  The  tip  of  the 
rod  was  melted,  but  the  only  harm  done  was  some  slight  damage 
to  the  foundation.  franklin  wrote  that,  "The  rod  should  have 
been  sunk  deeper,  so  as  to  come  to  earth  moister." 

In  September,  1767  , a description  by  fi'anklin  indicated  three 
refinements.  The  foot  of  brass  wir>e  h<id  been  done  away  with. 
Instead,  the  tip  of  the  iron  lightning  rod  itself  was  tapered 
"...to  a fine  sharp  point".  Second,  the  [loint  was  protected 
witli  "...gilt  to  prevent  its  rusting". 

finally,  franklin  wrote,  "The  lower  'njcl  of  tfie  r'od  should 
enter  the  earth  so  as  to  come  at  the  moist  part,  perhaps  two 
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to  three  feet;  dnd  if  bent  when  under  the  surface  so  as  to  go 
in  a horizontal  line  six  or  eight  feet  from  the  wall,  and  then 
bent  again  downwards  three  or  four  feet  , it  will  prevent  damage 
to  any  of  the  stones  of  the  foundation." 

FIGURE  - 16 

The  report  of  the  London  Lightning  Rod  Conference  of  1882 
highlighted  seven  changes,  though  more  had  been  made:  (1)  copper 
rods  were  recommended  instead  of  iron;  (2)  minimum  weights  wei-e 
agreed  upon  for  conductors  of  copper  and  of  iron;  (3)  joints 
were  to  be  kept  to  a minimum  and  soldered;  (4)  earth  connections 
to  iron  gas  and  water  mains  were  specified;  (b)  the  use  of 
buried  earth  plates  was  suggested;  (6)  the  cone  of  protection 
principle  afforded  by  a rod  was  detailed;  and  (7)  it  was  speci- 
fied that  internal  and  external  masses  of  metal  were  to  be 
connected  to  earth  or  to  the  lightning  conductor. 

FIGURE  - 17 

Quality  control  was  added  in  1923,  when  Underwriters  Labora- 
tories, Inc.  created  the  Master  Label  service  for  lightning 
protection  systems.  This  provided  in-factory  and  on-site  third- 
party  inspection  to  determine  that  materials  and  installation 
were  in  accordance  with  the  current  edition  of  the  NFPA  code. 

By  1923,  lightning  rods  were  being  braced  according  to 
specifications.  They  were  also  ornamented  with  colored  glass 
balls  and  weathervanes . The  code  called  for  25-ft.  minimum 
spacings  between  rods,  and  other  size,  spacing,  and  fastening 
requirements  were  essentially  the  same  as  they  are  today. 
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Coppei'  cable  had  come  into  general  use,  and  Uie  terms  rope 
lay,  twisted,  and  braided  cable  were  familiar  to  installers. 
-Muminum,  first  available  in  1866,  came  into  use  in  lightning 
protection  slowly.  It  still  is  a lower-cost  substitute  foi' 
preferred  coppei'. 

Ground  rods  were  sunk  to  10-ft.  depth  and  spaced  at  100-ft. 
or  less,  in  moist  clay  soil.  Counterpoise  grounding  systems 
had  been  introduced  for  less  conductive  soils.  Lightning 
surge  arresters  had  been  intz'oduced  shortly  after  the  turn  of 
the  century,  but  were  not  yet  in  general  use  with  farm  and 
residential  lightning  rod  systems. 

FIGURE  - 18 

In  1947,  the  NFPA  published  its  sixth  revised  lightning 
protection  code,  including  for  the  first  time  Part  III,  "Pro- 
tection of  Structures  Containing  Flammable  Liquids  and  Gases." 

Short,  neutral  color,  inconspicuous  air  terminal  points  were 
being  promoted.  The  tall,  old-fashioned,  ornamented  rods  that 
were  so  popular  in  the  Heyday  Era  had  fallen  out  of  disfavor, 
particularly  with  architects.  The  industry  itself  stopped 
referring  to  lightning  rods,  renaming  them  air  lerminals. 

The  state  of  the  art  of  grounding  the  thunderbolt,  Ben 
Franklin  style,  cii’ca  1947  , is  depicted  in  some  detail  in  that 
year's  printing  of  the  code,  NFPA-78. 

FIGURE  - 19 

We  have  just  rewritten  the  NFPA  Code  to  fit  O.S.H.A.'s 
requirements  regarding  mandatory  and  permissive  terms.  The 
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GROUNDING  IN  SAptOV  OR  GRAVELLY  SO>LS 
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current  state  of  the  art  in  lightning  protection  grounding  is 
illustrated  in  drawings  adopted  by  the  NFPA  Code  Coirj'd  ttee 
from  the  LPI  document,  LPI-175. 

1.  Grounding  in  moist  clay  type  soil  requires  a minimum 
of  two  copper-clad  rods  sunk  to  10-ft.  depth  for  any  small 
building,  with  an  additional  rod  for  each  added  100-ft.  of 
perimeter.  The  rod  must  be  2-ft.  out  from  the  foundation, 
quite  a bit  less  than  Ben  Franklin  suggested  210  years  ago. 

2.  Grounding  in  somewhat  higher  resistance  soils  with 
sand  or  gravel  requires  the  use  of  additional  rods  in  each 
ground  location. 

3.  When  soil  is  less  than  a foot  deep,  counterpoise  ground 
ing  is  specified.  Standard  copper  lightning  conductor,  which 
must  be  at  least  187*5  pounds  per-  thousand  feet,  is  used  to 
encircle  the  building.  Copper  ground  plates  at  each  corner 
are  optional. 

4.  When  a building  has  electrically  continuous  steel  fram- 
ing, air  terminals  are  bonded  directly  to  the  steel  framework 
by  conductors  leading  through  the  roof  or  coping  walls.  The 
steel  columns  may  serve  as  down  conductors.  Ground  connection 
are  usually  made  at  every  other  column,  but  shall  never  be 
spaced  at  more  than  60-ft. 

FIGURE  - 20 

The  Institute  code,  LPI-175,  was  among  the  reference  docu- 
ments in  writing  and  illustrating  the  new  NFPA  code,  and  there 
is  some  overlapping  of  code  committee  membership.  LPI-175  is 
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ALTERNATE  FORMS  OF 
GROUNDING  IN  SHALLOP 
OR  ROCKY  SOIL. 

• DEPTH  REQUIREMENT 
WAIVED  IF  ROCK  IS 
CLOSER  TO  SOIL. 


SECTION  VIII  MARKING  AND  MAINTENANCE 


MAINTENANCE  CHECK 

I4(,.  An  annual  visual  ilivvk  sliaii  Ih-  niadv  In  i)u-  .nunu  lU  liis 
dvsipialvil  a>;vnl  ul  Ihv  Inlal  s>sivm.  lypual  .livsk  p.unts,  as 
sht)\vn  m I i^uri*  41  arc: 

1.  All  uir  /crr/iirwh  i;i  assun.-  lhal  nunc  arc  licm.  crakkc-J. 
broken  or  uibcrwisc  daniat'cd.  or  ihal  Ihc  i ablt-  lonm-Liion 
IS  loose  or  tkiniagcd 

2.  All  lo  irwUll  hujii's.  Am  lla-y  still  liplil.  any  pliyskal 

damaiiv,  any  sipn  iil  rviiunal  and  iiiipt(i|x  i ri  allaili.iK'nl, 
any  nvw  vi|iiipiiivnl  addvd  and  mil  luindcd  ' 

3.  lee -splicers  and  other  connectors.  Still  liplii  all  Ic.ids  lirni- 
ly  conriccicd;  any  loose*  ends? 

4 Thmugh-rtxif  connectors.  All  ccmncctions  lUm.  all  root 
condu.  lors  atlac  bed  to  d<»vvri  e*»nduetors? 

5.  Secondary  service  arresters.  Arc  all  lc.ids  intact'  .trtcsiet 
lH)dy  undamaj:cd'' 

h.  Cable  Imlders.  Check  lhal  all  holders  and  similar  attach 
tiicnls  arc  still  lirmly  vitlachcd.  spaced  properly  lal  3’0”  on 
lenlcrs).  ariy  nev\  addetJ  runs  arc  si’iuri'd  properly 

7.  Grounds.  Arc  down  conductors  undaniapcd  and  still  tijihi 
ly  attached,  any  evidence  o|  daniape.  Iiltinps  still  sound, 
not  cracked,  holts  unbroken''  If  there  is  any  evidence  ol 
niechanical  d.iinaytc  to  the  sy  stent  or  ,ins  construction 
work  or  additions,  (trounds  in  the  inimecliatc  area  should 
Ix'  carefully  checked. 


FIGURE  - 20 
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limited  to  protection  of  ordinary  and  high-rise  buildings, 
smokestacks,  and  trees,  but  goes  into  greater  detail  in  those 
areas  than  will  the  1977  NFPA  document. 

For  example,  alternate  forms  of  grounding  in  shallow  or 
rocky  soil  are  illustrated.  So  are  air  terminal,  conductor, 
and  ground  requirements  for  saw  tooth  roofs  and  domed  or  curved 
structures . 

Code  LPI-175  introduced  a post-installation  inspection  and 
maintenance  procedure,  requiring  an  annual  inspection. 

When  losses  have  occurred  to  systems  installed  under  UL  Master 
Label  requirements,  faults  have  been  traced  to  physical  damage, 
deterioration,  or  failure  to  extend  the  lightning  protection 
system  to  cover  an  addition  to  the  building  or  a new  object  on 
the  roof.  Most  such  faults  will  be  caught  by  annual  inspection. 

FIGURE  - 2 1 

In  summary .... 

In  1753,  Ben  Franklin  installed  lightning  rod  systems  that 
had  only  two  parts  --  a sharpened  copper  wire  at  the  top  and  a 
long  iron  rod  that  served  both  as  ground  conductor  and  ground. 

In  1977,  lightning  protection  systems  which  have  six  mechanical 
parts  are:  (1)  a roof  system  of  air  terminals;  (2)  conductors; 

(3)  grounding  system;  (4)  bonds  to  metal  bodies  within  6-ft. 
of  a conductor;  (5)  surge  arresters;  and  (6)  a separate  system 
for  any  tree  taller  than  the  protected  building  and  within 
10-ft.  of  it. 

A full-line  manufacturer  can  supply  more  than  500  different 
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FIGURE  - 21 


lightning  protection  components. 

An  LPI  certified  System  has  five  other  requirements:  (7) 
adherence  to  NFFA  Code  No.  78;  (8)  conformance  with  UL  Master 
Label  Requirements,  UL-96a;  (9)  installation  supervision  by  a 
Certified  Master  Installer;  (10)  air  terminals  end  conductors 
bearing  UL  parts  labels  and  other  parts  conforming  to  LPI 
Material  Specification;  and  (11)  an  annual  inspection  and 
maintenance  agreement. 

FIGURE  - 22 

Ben  Franklin’s  legacy  has  not  always  moved  smoothly  through 
history.  I'll  list  six  common  pi’Oblems  in  their  order  of  im- 
portance . 

1.  Religeous  prejudices  in  the  early  days;  the  belief  that 
ringing  church  bells  would  dispel  the  demons  of  the  thunder- 
storms, or  that  prayer  and  ritual  would  do  so. 

2.  The  notion  spread  by  rivals  of  Franklin  that  lightning 
rods  would  draw  the  thunderbolt  and  therefore  "bring  about  the 
mischief  they  were  meant  to  prevent". 

3.  Franklin  himself  was  responsible  for  the  idea  that  tall 
lightning  rods  would  prevent  lightning  from  striking.  The 
lightning  protection  industry  perpetuated  the  belief,  claiming 
until  25  years  ago  that  lightning  protection  bled  off  static 
charges  but  would  intercept  and  ground  any  stroke  that  might 
occur.  We  now  know  that  tJie  Latter  purpose  is  the  only  important 
one . 

4.  Pr-eviously,  "magnetic"  and  currently,  "radioactive" 
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lightning  rods  seem  to  persist  no  matter  now  many  times  leading 
authorities  in  Europe  and  America  show  theoretically  and 
experimentally  that  the  "power  of  the  points"  is  sufficient; 
that  the  presence  of  radioactive  materials  does  nothing  to 
enhance  the  effectiveness  of  a lightning  rod. 

5.  Countless  deficient,  un-inspected  systems  have  been 
installed  on  a cut-rate  price  basis.  Resulting  failures  have 
done  an  injustice  to  this  industry. 

6.  Most  persistent  of  all  has  been  the  "act  of  God" 
defense  against  lightning  loss  liability.  Lightning  is  a 
natural  phenomenon  and  is  unpreventable . But  defense  against 
it  is  well-known,  reliable,  and  inexpensive.  Therefore,  light- 
ning safety  is  legally  recognized  today  as  the  responsibility 
of  man. 

FIGURE  - 23 

Franklin  was  only  human.  On  the  plus  side,  he  identified 
lightning  as  electricity,  invented  lightning  protection,  wrote 
the  first  specifications  improving  lightning  rods,  and  produced 
several  less  well-known  devices,  among  them  the  first  thunder- 
storm warning  device,  a little  bell  outside  his  bed  chamber 
that  tinkled  when  a thundercloud  passed  overhead. 

Three  ideas  that  had  less  merit  were  a bed  to  be  suspended 
by  silken  ropes  in  the  middle  of  the  room  to  insulate  the 
sleeper  from  lightning;  "Franklin  Wires"  for  ladies'  hats,  which 
certainly  would  make  their  wearers  more  likely  to  be  zapped  by 
"step  voltage";  and  finally,  the  notion  that  a lightning  rod 
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would  "silently  draw  electric  fire  from  the  cloud". 


FIGURE  - 24 

In  1772  , Franklin  wrote,  "Pointed  conductors ....  appear  on 
private  Houses  in  every  Street  of  the  principal  Towns,  besides 
those  on  Churches,  public  Buildings,  Magazines  of  Powder,  and 
Gentlemen's  Seats  in  the  Country ....  hitherto  there  has  been  no 
Instance  of  a House  so  guarded  being  damaged  by  Lightning;  for 
wherever  it  has  broken  over  any  of  them  the  Point  has  always 
receiv'd  it  & the  Conductor  has  convey'd  it  safely  into  the 
Earth,  of  which  we  now  have  5 authentick  Instances". 

Since  then,  thousands  of  protective  instances  have  occurred. 
One  Master  Installer  says  he  replaces  points  with  melted  tips 
almost  every  year  on  one  set  of  single  story  buildings  in  an 
exposed,  lightning-prone  location. 

FIGURE  - 25 

In  1974,  during  construction  of  the  1,824-foot  high  Dominion 
Tower  at  Toronto,  a Canadian  photographer,  W.  Hackle,  made 
between  3,000  and  5,000  exposures  and  obtained  six  photographs 
of  lightning  striking  air  terminals. 

The  photo  on  the  left  shows  a discharge  to  the  copper  air 
terminal  at  the  end  of  a crane  boom  85-ft.  out  over  the  pro- 
ject. The  aircraft  warning  light  at  the  end  of  the  boom  stayed 
lit.  The  air  terminal  was  directly  grounded  to  the  lightning 
protection  system  by  pure  copper  cable.  So  was  the  crane,  yet 
in  this  case  and  later,  the  135-foot,  18-ton  grounded  steel 
crane  did  not  intercept  the  discharge.  The  air  terminal  did 
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These  are  old  Lightning  Rod  Points  that  have  been  struck. 
They  have  saved  buildings  from  destruction  ond  persons 
from  injury  and  death. 


FIGURE  - 24 
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so  in  each  instance. 


According  to  William  A.  Cliff,  Field  Engineer  for  Dominion 
Lightning  Rod  Co.,  Ltd.,  "These  untouched  photographs  prove.... 
that  air  terminals  together  with  a ground  are  100  percent 
protection  against  lightning  damage.  Years  of  experience  has 
proven  that ! " 

Ben  Franklin  would  have  been  pleased. 

# # # 
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abstract 


An  understanding  of  tiie  physics  associated  with  lightning  pro- 
tection problems  is  presented  in  order  that  related  design  criteria  will 
be  better  understood. 

The  mechanism  of  tlie  lightning  strike  is  related  to  protection  pro- 
blems on  elevated  structures  of  various  heights,  as  well  as  overhead 
and  buried  cables.  The  risk  of  dangerous  side- flashing,  due  to  inductive 
loops  when  a grounding  conductor  is  passing  a steep  waveform  current 
IS  discussed,  as  well  as  the  physical  problems  related  to  poor  grounding, 
bonding  and  shiidding. 

Ttu  physical  development  of  lightning  induced  line  surges,  and  the 
magnitude  of  these  surges  on  aerial  and  buried  lines  .s  explained,  l inally 
the  properties  of  different  basic  types  of  suppression  devices  and  the 
functions  they  perform  is  illustrated. 
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1.0  INTRODUCTION 


r 


Correct  information  about  the  basic  lightning  process  can  lead  to  a 
much  better  understanding  of  lightning  protection  techniques  and  the  re- 
sulting level  of  protection.  The  design  of  satisfactory  lightning  protection 
systems  can  therefore  only  be  achieved  with  a knowledge  of  the  mecha- 
nism and  characteristics  of  a lightning  strike  and  the  related  problems 
that  a steep  voltage  wavefront  has  on  inadequate  bonding  and  grounding. 

Lightning  induced  line  surges  can  also  cause  major  damage  to  elec- 
trical or  electronic  systems.  A considerable  proportion  of  the  daniage 

I 

caused  by  such  surges  can  be  eliminated  with  careful  planning  of  pro- 
tection equipment. 

! This  paper  discusses  all  these  points  and  attempts  to  educate  the 

reader  in  some  of  the  basic  lightning  protection  problems.  For  more  in 

r depth  information  the  reader  is  directed  to  several  good  publications  on 

the  topic. 

i 

\ 


i 

i 

1 

I 
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Z.O  THE  LIGHTNING  I’ROCESS  IN  A CLOUD-TO-GROUND 
DISCHARGE 

A cloud-to-ground  lightning  discharge  is  made  up  of  one  or  more 
intermittent  partial  discharges.  The  total  discharge,  whose  time  duration 
is  of  the  order  of  0.5  sec,  is  called  a flash;  each  component  discharge, 
whose  luminous  phase  is  measured  in  tenths  of  milliseconds,  is  called  a 
stroke.  There  are  usually  three  or  four  strokes  per  flash,  the  strokes 
being  separated  by  tens  of  milliseconds.  Often  lightning  as  observed  by 
the  eye  appears  to  flicker.  In  these  cases  the  eye  distinguishes  the  indi- 
vidual strokes  which  make  up  a flash.  Each  lightning  stroke  begins  with 
a weakly  luminous  predischarge,  the  leader  process,  which  propagate s 
from  cloud-to-ground  and  which  is  followed  immediately  by  a very  luminous 
return  stroke  which  propagates  from  ground- to- c loud. 

It  has  been  found  that  the  electrostatic  field  takes  about  7 sec  to  re- 
cover to  its  pre-discharge  value  after  the  occurrence  of  a lightning  flash 
at  a distance  beyond  5 km.  but  when  the  flash  is  very  near  the  recovery 
time  may  be  different  due  to  the  presence  of  space  charge.  In  both  cases, 
regeneration  of  the  field  takes  place  exponentially. 

Z.  1 Stepped  l.eader 

The  usual  c loud- to- ground  discharge  probably  begins  as  a local  dis- 
charge between  the  p-charge  region  in  the  cloud  base  and  the  N-charge 
region  above  it  (Fig.  1 ).  This  discharge  frees  electrons  in  the  N- region 
previously  immobili'/.ed  by  attachment  to  water  or  ice  partii  les.  The  free 
electrons  overrun  the  p- region,  neutra  li/.ing  its  small  positive  charge, 
and  then  continue  their  trip  toward  ground,  which  takes  about  iO  msec. 

The  vehicle  for  moving  the  negative  charge  to  earth  is  the  st..pp<-<l 
which  moves  from  c 1 oud-l  o-g  round  in  rapid  luminous  steps  about  ‘'0  m long. 
In  Figures  I and  Z the  luminous  steps  appear  as  darkened  ti,)s  on  the  less 
luminous  leade  r channel  which  ..xtends  upward  into  the  cloud.  Each  leader 
step  occurs  m 1,-ss  than  a microsecond.  The  tim.'  between  steps  is  about 

50  ij  sec. 
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I ig  1.  Stepped  leader  initiation  and  propagation,  (a)  Cloud  charge 
distribution  |ust  prior  to  p-N  discharge,  (b)  p-N  discharge,  (c)-(l) 
Stepped  leader  moving  toward  ground  in  50-yard  ste(is.  Time  between 
steps  IS  about  50  millionths  of  a second.  Scale  of  drawing  is  distorted  for 
illustrative  purposes,  (from  Uman(^>)  ) 


Fig  2.  Return  stroke  initiation  and  propagation,  (a)  Final  stages  of 
stepped  leader  descent,  (b)  Initiation  of  upward-moving  discharges  to 
meet  downward  moving  leader,  (c)-(e)  Return  stroke  propagation  from 
ground  to  cloud.  Return  stroke  propagation  lime  is  about  100 
millionths  of  a second,  propagation  is  continuous.  Scale  of  drawing  is 
distorted,  (from  Uman^'’^  ) 


,1 

J 
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Z.  Z Return  Stroke 


When  the  stepped  leader  is  near  ground,  its  relatively  large  negative 
charge  induces  large  amounts  of  positive  charge  on  the  earth  beneath  it 
and  especially  on  objects  projecting  above  the  earth's  surface  (Fig.  Z). 

Since  opposite  charges  attract  each  other,  the  large  positive  charge 
attempts  to  join  the  large  negative  charge,  and  in  doing  so  initiates 
upward-going  discharges.  One  of  these  upward-going  discharges  contacts 
the  downward-moving  leader  and  thereby  determines  the  lightning  strike 
point.  When  the  leader  is  attached  to  ground,  negative  charges  at  the 
bottom  of  the  channel  move  violently  to  ground,  causing  large  currents 
to  flow  at  ground  and  causing  the  channel  near  ground  to  become  very 
luminous.  The  channel  luminosity  propagates  continuously  up  the  channel 
and  out  the  channel  branches  at  a velocity  somewhere  between  1/2  and 
1/10  the  speed  of  light.  The  trip  between  ground  and  cloud  takes  about 
100  u sfc.  When  the  leader  initially  touches  ground,  electrons  flow  to 
ground  from  the  channel  base  and  as  the  return  stroke  moves  upward, 
large  numbers  of  eFectrons  flow  at  greater  and  greater  heights.  Electrons 
at  all  points  in  the  channel  always  move  do%vnward  even  though  the  region 
of  high  current  and  high  luminosity  moves  upward. 

It  is  the  return  stroke  that  produces  the  bright  visible  channel.  I he 
eye  is  not  fast  enough  to  resolve  the  propagation  of  the  return  stroke,  or 
the  stepped  leader  preceding  it,  and  it  seems  as  if  all  points  on  the  channel 
become  bright  simultaneously.  A unique  video  photograph  of  the  lightning 
leader  with  the  return  stroke  partway  up  a doulile  channel  is  shown  in 
Figure  3. 

2 . ^ Lightning  Cur  rent 

A full  understanding  of  the  time  variation  of  a lightning  current  can 
only  be  obtained  by  oscillograph  recording  of  the  object  struck.  Recause 
of  the  rare  occurrence  of  lightning  to  an  object  of  normal  height,  it  is 
very  unlikely  that  goocl  statistics  can  tie  otitained  witliout  great  expense 
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and  observations  over  a considerable  period  of  time.  Lightninf>  currents 
therefore,  are  mostly  measured  on  tall  structures  or  balloons  connected 
to  earth  with  steel  cables.  The  currents  from  lightning  have  been  found 
to  be  unidirectional  and  primarily  discharge  negative  currents.  Figure  4 
shows  a frequency-distribution  curve  of  lightning  current  amplitudes,  in- 
corporating the  best  information  available. 


The  maximum  value  reliably  recorded  is  340k  amps,  but  much  higher 
amplitudes  cannot  be  ruled  out.  The  highest  values  occur  primarily 
with  the  rare  positive  strokes. 

A significant  characteristic  for  lightning  protection  is  tlie  rate  of 
rise  of  the  current  waveform.  It  has  been  generally  assumed  iti  the 
recent  past  that  the  lightning  current  waveform  reaches  a peak  in  some 
1 to  3 Li  sec.  More  recent  information  by  I.dewellyn^  ^in  1977  indicates 
tliat  the  current  risetime  may  be  much  less  than  1 ij  sec.  Figure  5 
shows  some  risetimes  for  a selection  of  close  and  distant  storms. 

For  some  storms  th<'  average  timi-  to  peak  valvie  was  fovind  to  b»-  of  the 
order  of  1/4  (jsec.  The  effect  of  this  term  on  liglitmng  protection  will 
be  discussetl  later. 
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2 . 4 B_r t-akdowii  Voltage 

Urcakdown  losts  of  long  spark  gaps  are  made  with  impulse  generators 
ot  tmllion  volts  or  more  where  the  test  voltage  rises  at  rates  between 
tiO  and  tjOO  kV/gisec.  Most  of  these  tests  are  concerned  with  sparkover 
under  a positive  switching  impulse  because  they  produce  much  lower 
breakdown  voltages  than  negative  impulses.  I’he  minimum  breakdown 
voltage  IS  of  i oncern  to  many  engineers  and  I'igure  6 gi\  es  representative 
test  results  by  showing  the  variation  of  breakdown  voltage  for  different 
electrode  t on f igu ra t i ons  and  polarities. 


gap  spacing,  m 

Fig.  6 Switching  impulse  hreukdown  voltage  of  rod  i^t  and  rod  plane  gaps 
(Anderson  and  Tangen.  1968) 

Further  information  on  breakdown  voltages  are  given  in  the  book 

(3) 

"Lightning  Protection"  by  Golde. 


Z.5  Striking  Distance 

A normal  negative  leader  progresses  to  earth  in  discrete  steps  until 
a counter  streamer  is  initiated  from  ground  or  a grounded  object.  It  is 
therefore  at  that  particular  distance  that  the  point  of  strike  is  determined. 
This  striking  distance  is  flefined  as  that  distance  between  the  tip  of  tho 


lightning  leacier  anti  the  point  to  be  struck.  The  main  interest  is  limittd 
to  structures  tip  to  about  20m  height;  structures  of  greater  height  begin  to 
require  special  consideration  as  their  height  is  greater  than  a leader  step, 
and  they  may  also  induce  upward  going  leaders.  It  is  assumed  after  looking 
at  Figure  6 that  the  critical  breakdown  between  the  tip  of  the  lightning 
channel  and  earth  is  of  the  order  of  S kV /cm  for  a normal  negative  stroke 
and  3kV/cm  for  the  rare  positive  stroke.  Small  changes  in  this  critical 
breakdown  voltage  gradient  have  little  effect  on  the  res’  Iting  value  of  the 
striking  distance  which  is  shov.n  in  Figure?. 


cuffent.  K.A 

P'ig,  7 Varialion  of  sinking  titslanct*  wiih  hghlning  current  arnphtude 

The  important  conclusions  from  these  results  are  that  striking  distance 
increases  with  the  severity  of  the  discharge;  for  an  average  2 k amp  strike 
the  distance  is  about  40m.  More  important,  however,  these  results  and 
associated  theory  show  that  the  progression  of  the  leader  remains  quite 
unaffected  by  any  feature  on,  or  below  ground,  until  the  tip  of  the  leader 
has  reached  a height  of  only  a few  tens  or,  at  most,  two  hundred  meters 
above  ground.  These  results  therefore  provide  quantitative  evidence  against 
the  belief  in  lightning  concentration  areas. 
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3.0  thp:  lk;htninc.  rod  and  its  conductors 

; ¥ 

% t 

3 . 1 The  Li>;htninK  Ro<i 

It  is  a common  misconception  that  lightning  rods  discharge  clouds 
and  thus  prevent  lightning.  The  rod  only  serves  as  a means  to  route 
the  lightning  harmlessly  to  ground  by  diverting  the  lightning  when  it 
approaches  the  striking  distance  discussed  in  the  previous  section. 

In  the  two  hundred  years  since  Benjamin  Franklin  investigated  lightning 
many  manufacturers  have  tried  to  influence  the  public  in  the  dissipation 
principle  of  lightning  protection  or  elimination.  This  technique  most 
certainly  does  not  work  and  the  lightning  physicists'  thoughts  on  this 
sxtbject  are  discussed  in  masterly  fashion  by  Golde  in  the  following 
statement: 


"It  is  a manifestati  jn  of  human  weakness  that  a prejudice 
once  acquired  tends  to  be  retained  e/en  in  the  face  of 
overwhelming  factual  evidence  contradicting  the  basis  on 
which  it  was  founded.  In  the  realm  of  science  a prejudice 
may  be  termed  a misconception.  Svich  a misconception 
which  has  persisted  for  over  two  hundred  years  and  which 
is  still  widespread  is  the  belief  that  a lightning  conductor 
has  the  ability,  or  indeed  the  purpose,  of  dissipating 
silently  the  electric  charge  in  a thundercloud  thus  pre- 
venting the  "protected"  building  being  struck". 


Tliere  are  several  manufacturers  of  either  radioactive  lightning  rods 
or  lightning  dissipation  systems.  The  predominant  scientific  belief, 
however,  is  that  neither  of  these  systems  are  any  benefit  over  the  con- 
ventional lightning  protection  system.  There  do  seem  to  be  some  satis- 
fied customers  however,  for  the  dissipation  arrays  and  a U.S.  Navy 
report^*^^and  FAA  report^  ^discuss  both  sides  of  the  topic. 


The  liglitning  rod  has  the  purpose  of  intercepting  a lightning  strike 
and  deflecting  it  from  the  structure.  When  several  lightning  rods  arc  to 
1)C  put  on  a building  one  should  develop  a common- sense  solution  which 
will  strike  a reasonable  balance  between  protection  and  cost. 
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It  is  possible,  with  care,  to  use  existing  gutter  and  rain  pipes  to 
ot)tain  protection  at  reduced  costs,  but  care  must  be  taken  when  in- 


corporating modern  metalic  roofing  materials  to  be  part  of  the  system, 
l.ightning  can  penetral**  metal  sheets  of  Inim  thickness  or  more,  and 
perhaps  the  cost  of  such  repair  might  be  acceptable.  The  minimum 
thickness  is  defined  in  ce  rtain  codes  to  be  0.  3mm  for  copper,  and 
0.5  mm  for  other  metals.  Some  roofs  use  metal  foils  of  less  thickness. 

A lightning  strike  to  this  type  of  roof  will  not  only  burn  a large  hole 
but  can  cause  large  areas  of  foil  to  be  torn  off  due  lo  the  mechanical 
effects. 

t 

3.  2 Down  Conductors 

When  lightning  strikes  an  air  terminal  the  injected  current  must  ! 

1 

be  transferred  by  the  shortest  possible  path  to  ground.  The  dov.-n  con-  ^ 

doctor  has  this  function,  but  because  the  inductance  of  this  doun  con-  ■ 

doctor  is  a major  factor  in  determining  the  occurrence  of  the  dangerous 
side-flash  to  some  internal  grounded  object,  it  must  also  have  the  lowest 
impedance  that  can  be  afforded. 

\ 

The  inductance  of  a down  conductor  is  directly  proportional  to  its 
height.  Ry  paralleling  two  down  conductors  their  combined  inductance’ 

A 

is  reduced  to  approximately  one-half  that  of  a single  conductor  and  so  on.  1 

The  down  conductors  should  not  be  spaced  too  close  together  liowever,  \ 

otherwise  tlie  above  rule  is  not  accurate.  I’he  importance  of  ha\’ing  at 
least  two  down  conductors  is  therefore  a considerable  advantage  in  re- 
ducing the  dangerous  side-flash,  the  action  of  whicli  is  discussed  later.  ! 

1 

Right  angle  liends  in  a down  conductor  also  increases  the  inductance  and 
such  a design  nec'ds  careful  cons  i<ie  rat  ion . 

Once  a lightning  strike  has  been  intertepted  and  passed  to  the  surfaie 
of  th<‘  c'arth,  if  is  tlie  function  of  eartli  I'lectrodes  to  discliaigi-  tlie  l urrent 
into  the  ground.  Two  important  factors  are  the  ground  resistance,  which 
plays  a jiarl  in  sidi*- flashing,  and  thi'  jiotential  di  st  ri  liut  ion  ovi-r  tlie  grouiui 


1 


J 


surface.  If  the  ground  resistivity  is  high  advantages  can  be  achieved 
by  bonding  tlie  down  conductors  to  water  pipes  to  lower  tiie  resistance 
to  ground,  I he  risk  in  side- flashing  is  thus  determined  exclusively  by 
the  inductance. 

Side  - fla  shing  can  also  occur  below  the  ground  to  buried  metal  pipes 
or  wires  and  care  must  be  taken  in  the  design  and  positioning  of  the 
grounding  electrodes.  Typical  values  of  impulse  breakdown  in  soil  are 
2 to  5k  // cm,  which  leads  to  side-flashes  of  several  meters.  In  air  the 
value  is  9kV/cm  and  brick  and  concrete  has  a slightly  lower  breakdown 
strength. 

It  is  interesting  to  note  that  the  length  of  a ground  rod  has  a luch 
more  significant  effect  on  the  resistance  than  its  radius.  Curves  de- 
monstrating this  effect  are  shown  in  Figure  8,  which  also  irnplies  that 
little  bt?nefit  is  achieved  by  extending  the  rod  beyond  2 or  3 meters  or 
increasing  its  diameter  beyond  1.25  cm.  Strip  electrodes  are  beneficial 
where  high  resistivity  ground  exists  below  a layer  of  low  resistivity. 


Fig.  8 


length,  m 

Viiruilion  of  earlhinj’  resistance  of  rod  elcti  r odes  of  different  diameter  vulh 
Icngllt  (Hrilish  Code  '1  arlhing') 
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^ Materials 


The  type  of  material  used  for  roof  and  dov,Ti  conductors  seems  to  Ije 
governed  by  tradition.  Copper,  aluminum  and  galvanized  steel  are  all 
acceptable  but  there  are  conflicting  opinions  as  to  whether  the  material 
should  be  of  rod,  tube,  strip  or  stranded  form.  Stranded  copper  is  not 
deemed  acceptable  in  the  codes  of  several  countries,  although  it  is  ac- 
cepted in  the  USA  code.  Copper  or  copper  alloys  must  not  be  used  on  a 
building  with  aluminum  fillings. 

A strong  corrosive  effect  can  be  caused  by  rainwater  dripping  off 
copper  conductors  onto  some  metals  such  as  zinc  or  lead  which  are  often 
used  on  buildings.  Dissimilar  metals  should  be  avoided  as  far  as  possible 
and  one  should  Ije  aware  that  stranded  materials  are  rriore  severely  at- 
tacked by  corrosion  than  solid  conductors. 

Corrosion  plays  a high  risk  underground,  in  particular  to  aluminum 
which  is  totally  unacceptable.  The  electrolytic  properties  of  some  soils 
cause  corrosion  to  all  these  metals,  as  do  stray  currents  produced  by  DC 
railway  lines  on  DC  high  voltage  systems  where  the  earth  is  used  as  a 
return  path.  Catriodic  protection  can  help  eliminate  tliis  type  of  problem. 
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4.0  p:lectrical,  mechanical  and  thermal  EP'FECTS 

4.  1 Electrical  Effects 


1 


No  lightning  strike  to  a structure  has  attracted  more  attention  in  the 
last  decades  than  the  so-called  side-flash.  It  has  been  examined  repeatedly 
and  its  dangers  are  illustrated  in  the  technical  literature.  Its  prevention 
must  be  provided  in  order  to  stop  incidents  in  which  a protected  building 
has  been  struck  and  a person  in  such  a building  injured. 

Colde  has  illustrated  the  principles  of  the  conditions  leading  to  the 
risk  of  a side-flash  with  the  simple  example  shown  in  Figure  9. 


Kjp  9 I.iplilnittp  strike  to  house  and  lightnmp  conductor  and  independently 
earthed  water  svstem 

The  illustration  shows  the  outlines  of  a domestic  building  with  a 
lightning  conductor  protecting  the  chimney  which  constitittes  the  highest 
point.  In  the  attic  is  a water  tank  which  is  fed  thrcjugh  a metallu  water 
pipe  which,  in  turn,  is  connected  to  a metallic  main  buried  in  the  ground. 

Let  us  now  assume  that  the  lightning  conductor  on  the  chimney  is 
struck  by  a lightning  current  of  amplitude  i.  The  current  is  then  dis- 
charged along  the  roof  conrluctor,  the  single  down  conductor  and  into 
the  earth  electrode.  This  path  constitutes  an  inductance  1.  while  the  im- 
pi'dance  of  the  earth  electrode  may  be  described  by  its  effective  ground 
resistance  R.  The  top  of  the  lightning- protective  system  is  thus  raised 
to  a potential  with  respect  to  true  earth  which  is  given  by; 

u = iR  y Ldi/dt 
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For  the  purpose  of  a numerical  estimate  we  iriay  assume  an  intense 
liglitning  current  of  crest  value  i = 1 00  k amp  and  a ground  resistance  of 
R 10  0.  The  inductance  of  a single  vertical  conductor  is  about  160  ijH 
per  100m  and  the  rate  of  rise  of  the  front  of  the  lightning  current  may 
be  taken  as  50  kamp/usec.  If  the  height  of  the  chimney  above  ground  is 
10m,  the  top  of  the  lightning  conductor  is  raised  to  a potential  with  respect 
to  true  earth  which  amounts  to; 

u=10^  X lO+lo'^x  1.6x  lO'^'x  5x  lO^'x  lO^V 

10^  -(  8 X 10^  V = 1.8  MV  neglecting  phase  differences 

In  contrast,  the  water  tank  remains  at  ground  potential  even  when 
the  house  is  struck  so  that  the  potential  difference  of  1.  8 MV  is  suddenly 
impressed  between  the  lightning-conductor  system  and  the  water  tank.  If 
the  electric  breakdown  strength  of  the  clearance  D is  less  than  that  potential 
difference  an  electric  breakdown  occurs  from  the  lightning  conductor  to  the 
water  tank;  and  this  is  termed  a side-flash.  The  breakdown  strength  of 
air  for  a chopped  impulse  voltage  can  be  taken  as  900  kV/m,  hence  a ^m 
flash  could  matcralize.  Similar  situations  may  occur  if  people  are  standing 
between  a grounded  air-terminal  lead  and  a grounded  instrument  in  the 
building.  Side- flashes  may  also  occur  under  the  surface  and  in  the  process 
can  throw  up  rocks  and  soil  over  great  distances.  The  simple  solution  of 
bonding  the  down  conductor  to  the  grounded  object  will  alleviate  many  pro- 
blems. 

4 , 2 Thermal  Consifierations 

'I’he  lightning  leader  stroke  has  a narrow  cone  which  is  .surroundi-d 
by  nnich  larger  corona.  The  return  stroke  current  is  concentrated  in  this 
central  cone  which  is  about  1-2  centimeters  diameter  and  a maximum 
temjierature  of  about  fiO.OOO  °F  is  reached  after  a few  microseconds,  as 
shown  in  Figure  10. 
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There  is  one  aspect  of  heat  dissipation  that  needs  consideration. 
Where  the  lightning  current  is  being  discharged  through  a high  resistance 
joint,  such  as  a poor  contact  or  overlapping  metal  sheets,  the  heat 
generated  may  give  rise  to  heavy  sparking.  Penetration  may  occur  in 
the  case  of  thin  metal  sheets  such  as  used  as  roofing  material  or  air- 
craft skin.  The  size  of  the  hole  is  a function  of  lightning  charge,  the 
material  and  its  thickness.  For  20  mil  copper  the  hole  could  be  up  to 
3 00  mm^  . 

When  lightning  strikes  an  insulating  material  the  point  of  contact 
could  be  raised  to  a high  temperature  and  penetration  could  result.  By 
these  means  clean  holes  of  2 cm  diameter  have  been  punched  in  glass 
by  lightning  discharges.  If  this  insulant  contains  moisture  the  current 
will  flow  preferentially  along  the  path  of  best  conductivity.  Moisture 
can  be  converted  into  steam  and  explosions  occur.  Enormous  blocks 
of  concrete  have  been  demolished  this  way  and  on  one  occasion  rocky 
ground  was  furrowed  for  800  feet  and  75  tons  of  rock  and  soil  dislodged. 
The  explosive  effect  was  equivalent  to  600  lbs  of  TNT. 

4.  3 Mechanical  Considerations 

Mechanical  effects  concern  the  shock  wave  and  bending  fort  os. 

With  the  rapid  temperature  increases  discussed  in  Section  4.  2 the  air 
surrounding  the  channel  expands  extremely  rapidly  and  produces  a super- 
sonic pressure  wave.  Figure  12  shows  how  this  wave  is  propagated  from 
the  central  cone.  It  is  responsible  not  only  for  thunder,  but  also  for 
widespread  lifting  of  tiles  on  the  roofs  of  buildings. 


Fig.  1 2 Oevclopmcnt  of  pressure  from  huhtniriR  channel  {HrII. 
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Two  parallel  conductors  caught  in  a lightning  discharge  arc  subject 
to  attractive  forces  and  these  forces  are  responsible  for  the  fusing  of 
stranded  conductors  and  for  squashing  hollow  conductors. 

There  is  one  more  mechanical  force  worth  considering.  If  a lightning 
conductor  follows  a right-angle  bend  on  a building  and  this  conductor  has 
to  discharge  a lightning  current,  it  will  be  subject  to  a mechanical  force 
trying  to  straighten  it  and  thus  attempting  to  bend  it  outward.  The  magni- 
tude of  the  force  is  proportional  to  the  square  of  the  current,  but  even  for 
large  strokes  it  can  only  reach  about  5000  lbs.  Sharp  rectangular  bends  in 
conductors  should  therefore  be  avoided. 
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5.0  LIGHTNING  SURGES 


The  major  sources  of  lightning  surges  in  conductors  are  due  to 

a)  Ground  potentials  caused  by  nearby  lightning  strokes 

b)  Induced  effects  caused  by  lightning  current  flowing 
on  a shield 

c)  Direct  strikes  to  a wire 

d)  Side-flashes  to  the  conductor  from  a nearby  strike 

e)  A straight  conductor  acting  as  an  electric  field  change 
antenna  for  lightning  effects 

f)  A looped  conductor  acting  as  a magnetic  field  antenna 
for  lightning  effects. 


Burying  the  cable  does  not  remove  lightning  effects  as  the  cable  is 
then  an  ideal  ground  path  for  the  current.  The  lightning  current  may  side- 
flash  several  meters  to  the  conductor  under  the  ground,  where  the  distance 
is  primarily  a function  of  solid  resistivity  amd  the  resistance  of  the  conductor 
to  ground. 


The  largest  lightning  voltage  recorded  on  a transmission  line  reached 
a peak  value  of  5 million  volts  in  less  than  two  microseconds.  The  re- 
sulting oscilloscope  recording  is  shown  in  Figure  13  and  the  strike  oc- 
curred some  4 miles  up  the  line.  It  is  suggested  that  closer  to  the  strike 


Figure  13.  Cathode- ray  oscillogram  of  highest  voltage  on  a trans- 
mission line;  1 10  kV  wood  pole  of  Arkansas  I’ower  and 
Light  Company;  no  ground  wir<-. 

-73- 
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point  the  current  rate  of  rise  was  probatily  of  tiie  order  of  lO  million 
volts  per  microsecond. 

Residential  I 20  VAC  lines  are  found  to  experience  peak  lif^htning 
associated  voltages  of  up  to  6kV  and  internal  switching  transients  up  to 
3kV.  The  transients  will  he  oscillatory  in  nature  with  a fundamental 
frequency  from  a few  tens  of  kilohertz  to  several  megahertz  with  com- 
ponents ranging  into  hundreds  of  megahertz.  They  will  last  from  I 00 
nanoseconds  to  I 00  microseconds  and  be  clamped  within  a few  cycles. 

Good  grounding  and  bonding  may  reduce  the  transients  significantly. 

5 . I Insulation  Effects 

The  effect  of  high  voltages  on  insulation  can  be  quite  large  and 
wlu-reas  the  initial  breakdown  of  an  insulator  may  not  be  catastrophic, 
the  repetitive  effects  of  high  voltage  transients  will  produce  breakdown 
at  the  same  place  until  the  insulator  cannot  even  stand  the  steady  state 
voltage.  An  electric  clock  manufacturer  reduced  his  failure  rate  to 
one  hundredth  of  his  earlier  failure  rate  by  increasing  the  insulation 
level  from  2 to  6kV. 

Breakdown  will  also  occur  along  a surface  such  as  a printed  circuit 
board.  In  this  case,  a path  of  slightly  conductive  carbonized  insulation 
uill  occur  which  may  also  be  influenced  by  vaporized  metal.  Steep 
wavefront  voltages  may  lead  to  breakdown!  of  insulation  between  the 
windings  of  a coil. 

5.  2 Grounding  and  Bonding 

When  one  grounded  conductor  is  conducting  a steep  wavefront  current 
large  potentials  may  develop  between  it  and  another  grounded  object.  The 
effects  of  this  problem  have  been  illustrated  and  discussed  in  Section  4.  I. 
Bonding  the  grounds  together  would  h,iv('  renioved  the  problem.  The  inductive 
effects  of  such  bonding  between  two  objects  must  be  carried  out  with  can- 
or  it  may  still  lead  to  hazardous  poti'ntial  differences.  This  problem  is 
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illuslratt'd  in  Figvirt'  14  whi-re  a cable  shield  and  an  enclosure  are 
connected  toj>ether  (reference  8).  This  example  indicates  tha*  ground 
leads  should  be  kept  as  short  and  direct  as  possible.  Figure  14a  shous 
a shield  being  tern^inated  on  an  enclosure  v.hich  allows  the  current  U) 
flow  radially  fron’  the  shield  to  the  enclosure.  If  a separati-  groumi  l«-ad 
is  used  to  carry  surge  current  it  will  have  an  inductance  (Fig.  I4b1  which 


Figure  14.  Connections  between  shield  and  enclosure,  (a)  Good,  (b)  Bad. 

will  lead  to  a potential  different.  »■  betueen  shield  and  enclosure.  1 he 
inductance  of  one  inch  of  0.  034  ' diameter  wire  is  about  0.  01  34  uh  ami 
with  a rapid  current  pulse  of  100  arnp/nsec  the  voltage  developed  will  be 
1340  volts.  Ten  inches  of  wire  will  enable  13kV  to  develop  betueen  shield 
and  enclosure,  implying  a spark  over  1 cm  long.  The  ware  should, 
therefore,  be  kept  as  short  as  possible. 

It  is  also  absolutely  essential  that  a shield  be  grounded  at  both  ends. 

The  magnetic  fields  caused  by  lightning  can  induce  voltages  around  open 
circuit  loops  and  currents  around  short  circuit  loops.  The  induced  currents 
hardly  ever  cause  damage,  but  the  induct'd  voltages  can  In-  excessively  high 
and  will  cause  damage. 

Ideally  one  must  set  up  separate  grounding  systems  for  the  various 
electrical  parts  of  a system  anti  combine  these  separate  groumis  at  only 
one  common  reference  ptiint. 
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S.  3 Skin  Effect 


Skin  effect  is  a phenomenon  which  tends  to  concentrate  currents  on 
conductor  surfaces  that  are  nearest  to  the  field  sources  producing  these 
currents.  An  example  of  current  distribution  in  conductors  because  of 
the  skin  effect  is  described  by  Everett  in  reference  9 and  an  illustration 
is  given  in  Figure  15.  It  can  be  seen  that  most  of  the  current  tends  to 


Round  Round  hollow  Coaxial  Rectangular 

conductor  conductor  conductor  conductor 


Fig.  1 5a. 


Fig.  15b. 


CurrrnL  (list  nljut  ion  m conductors  because  of  skin  effect. 


Current  in  <ame  direction  Cunenl  in  orpo'ing  directions 

rroxmuly  effect  of  current  in  parallel  wires 


flow  in  a thin  shell  near  the  conductor  surface  where  the  depth  of  pene- 
tration is  a function  of  resistivity  and  frequency.  The  connection  of  grounds 
to  the  inside  of  :onducting  structures  may  therefore  not  always  be  ad- 
visable as  current  will  then  tend  to  flow  on  the  inside  surface. 
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6.0  PROTECTOR  DEVICES 


Protector  devices  are  of  two  basic  types,  constant  voltage  and 
crowbar.  The  constant  voltage  devices  will  conduct  very  little  at  the 
steady  state  voltage,  but  above  a certain  voltage  level  will  conduct 
very  heavily.  A crowbar  device  in  effect,  sliort  circuits  a high 
voltage  to  ground.  This  short  wdll  continue  until  the  curi  ent  is 
brought  to  a low  level.  A constant  voltage  unit  will  never  reduce  the 
line  voltage  below  its  steady  state  value  but  the  crowbar  device  often 
will.  This  could  be  a problem  if  there  is  a continuing  follow'  current. 

Constant  voltage  dev'ices  in  everyday  use  are  avalanche  and  zener 
diodes  and  varistors,  or  voltage  dependant  resistors.  Spark  gaps  and 
gas  discharge  tubes  are  the  most  common  type  of  crowbar. 

Low  pass  filters  are  often  used  as  suppression  devices.  A 
capacitor  placed  across  the  terminals  is  the  simplest  form  of  filter 
where  the  impedance  it  should  present  to  the  transient  will  be  much 
lower  than  the  transient  source  impedance.  This  approach  will  work 
well  unless  the  capacitor  loads  dow'n  the  desired  voltage  and  does  not 
create  current  in- rush  problems.  A resistor  in  scries  will  help  but 
will  reduce  the  effectiveness  of  the  filter.  A capacitor  network  is  also 
ineffective  if  the  transient  has  high  energy  in  either  polarity,  kilters 
can  become  expensive  and  must  be  very  carefully  designed. 

'I'he  lead  length  of  suppression  devices  can  cause  large  overshoot 
voltages  depending  on  the  rate  of  rise  of  current.  It  was  discussed  in 
Section  5.  Z that  a one  inch  wire  can  lead  to  a voltage  overshoot  of  over 
1300  volts.  It  is  possible,  however,  to  purchase  most  protection  devices 
in  disc  form  without  wires, and  witli  careful  mounting  the  voltage  over- 
shoot will  he  negligible. 

6 . 1 Avalanche  Diodi-s  and  Zeners 

The  volt-ampere  characteristics  of  a semiconductor  diode  are 
shown  in  Eigure  16  in  which  there  are  thri'e  princ’ple  regions  ol 
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operation.  The  forward  biased  region  is  limited  by  the  external  orrcuit 
and  the  leakage  region  is  where  the  voltage  is  reversed  tjut  is  still  less 
than  the  critical  value.  When  the  reverse  voltage  increases  beyond  this 
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Figure  16. 


Schematic  volt- ampere 
semiconductor  diode. 


characteristic  curvi'  for 


critical  value  the  reverse  current  increases  sharply  and  the  diode  is 
operating  in  the  breakdown  region.  Normal  rectifier  diodes  are  made 
to  operate  in  the  forward  and  reverse- biased  region,  but  transient 
suppressors  operate  around  the  breakdown  region. 

Avalanche  diodes  exhibit  a sharp  turn  at  the  knee,  but  /.ener  diodi-s 
go  through  this  transition  more  gradually.  This  implies  that  the  avalanclie 
fliode  is  a better  suppressor  for  transients  than  zener  diodes. 
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These  devices  are  the  most  "constant  voltage"  devices  available 
and  tlie  voltage  is  only  slightly  ciependent  on  the  current.  The  operation 
takes  place  within  a very  small  volume  of  silicon,  where  the  energy  or 
heat  generated  by  the  transient  can  cause  failure  at  the  junction,  bpecial 
suppression  devices  using  the  silicon  avalanche  technique  are  manufactured 
that  have  a junction  area  ten  times  larger  than  a one  watt  zener  diode; 
the  Tranzorb  made  by  General  Semiconductor  Industries  is  one  such  device. 
These  devices  will  clamp  at  speeds  in  excess  of  10  ^^sec  and,  depending 
on  the  size,  the  peak  power  rating  can  be  up  to  several  hundred  kV 
for  a 1 usee  pulse.  They  do  have  a small  capacitance,  however,  but  with 
careful  design  it  is  possible  to  use  them  in  protection  circuits  at  frequencies 
in  excess  of  100  MHz. 

6.  2 Varistor s- Voltage  Dependent  Resistors 

A varistor  is  a bulk  semiconductor  device  whose  resistance  varies 
with  the  magnitude  but  not  the  polarity  of  the  applied  voltage.  Varistors 
are  composed  of  a poly c ry stalline  material  made  by  pressing  and  heating 
special  mixtures  containing  either  silicon  carbide  (SiC)  or  oxides  of  zinc 
and  bismuth.  Metal-oxide  varistors  (MOV's)  have  a more  nonlinear  V-I 
relationship  and  therefore  better  clamping.  They  are  highly  nonlinear 
elements  developed  recently  for  protection  of  electric  devices  from  in- 
duced voltage  surge.  In  the  absence  of  abnormal  voltage,  the  MOV  pre- 
sents a very  high  resistance  at  its  terminals;  however,  in  the  presence 
of  a surge,  its  resistance  diminishes  by  several  orders  of  magnitude, 
thus  absorbing  the  energy  of  the  transient  above  a specified  value. 

MOV's  provide  low  voltage  nonlinear  elements  with  voltage- cu  r rent 
characteristics  comparable  to  zener  diodes,  but  with  a bi-polar  property 
and  high  ene-gy  di  s sipation/ si  ze  capability.  These  devices,  primarily 
intended  for  surge  protection  of  AC  power  lines,  will  be  also  applicabli- 
to  low  voltage  signal  lim-  proti'ction  when  lower  voltage  type-s  of  MOV 
become  available.  Tlu-  step  response  of  an  MOV  is  in  the  nanosecond 
range.  Typical  V-1  curves  are  shown  in  k'igure  17. 
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6.3  Gas  Breakdown  Devices 


On  the  opposite  end  of  the  ruggedness  spectrum  are  the  spark  gaps 
and  gas-discharge  tubes  (GDT's).  These  depend  on  the  formation  of  an 
ionized  gas  between  metal  electrodes.  The  gap  length,  gas  pressure, 
and  several  other  factors  determine  the  breakdown  voltage.  When  an  arc 


is  formed,  the  suppressor  is  capable  of  conducting  high  currents  at  a low 


voltage  ( ~ 1 00 V), 


Unfortunately,  the  steady  state  power  source  is  frequently  capable 
of  keeping  the  arc  conducting  until  current  and  voltage  are  reduced, 
temporarily  disabling  the  supply.  Many  such  suppressors  also  have  a 
noticeable  response  time,  such  that  a fast-rising  transient  reaches  a 
high  voltage  before  the  arc  can  form.  GDT's  are  not  generally  feasible 
below  90  volts. 

(10) 


Druyvesteyn  and  l^enning'  ’describe  the  action  of  a gas  dis- 
charge device  in  Figure  18,  where  one  can  see  the  important  glow  and  arc 


sp 


l-'igurc  IH.  SrlK'tii.i  t i c V-1  c ha  r a<  I <•  r i s ( i c s of  a gas  disthargr  bctwicn  flat 
paralli  l di  e t rodes. 
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This  can  be  done  in  several  ways  by  designing  hybrid  circuits  with  the 
gas  tube  as  the  initial  high  current  protector  and  a solid-state  device  to 
protect  against  the  initial  overshoot. 


6 , 4 Hybrid  Conibinations 

Several  possible  hybrid  combinations  utilizing  the  high  surge  current 
capability  of  spark  gaps  are  shown  in  Figure  22.  The  advantages  and  dis- 
advantages of  each  circuit  have  been  discussed  by  Malone  in  reference  12, 
and  the  comments  are  shown  with  the  circuits  for  convenience. 


I 
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ADVANTAGES 


DISADVANTAGES 


Spark  Gap/ Diodes 


Spark  Gap/ Variable  Resistor 
(Series) 


Impulse  spike  of  Higher  capacitance 

spark  gap  elimin- 
ated 

Impulse  spike  of  Licreased  resistivt 

spark  gap  lowered  loading  of  line 


Improved  aljility  1.  Increased 

of  spark  gap  to  discharge  voltage 

extinguish  during  surge 

2.  Varistor  takes 
all  surge 


Spark  Gap/Fixed  Resistor 


Ih'irallel  Spark  Gap/Resistor 
^iombinat  ion  s 


Improved  ability 
of  spark  gap  to 
extingui  sh 


1.  Improvi'd 
ability  of  spark 
gap  to  c'xtinguish 

2.  Dower  dis- 
charge voltage 


Increased  discharg 
\'oltage  during  sur^ 


1 . Increased 

(.  i r cu  i t com  pi  e X 1 ( . 

2 . i li  ghe  r ca  ji.i  c i 
tance 


f igure  2.2.  .Several  possilile  hybrid  combinatiotis  uliii/.ing  high 
surge  current  capability  of  spark  gaps. 
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ABSTRACT 


The  main  functions  of  Tanegashima  Space  Center  (TNSC)  are  launching  of 
rockets  and  satellites,  satellite  tracking  and  data  acquisition  and  static  firing  test. 

The  Isokerdunic  levels  (IKL)  in  Tanegashima  is  statistically  30  to  33  days 
per  year  and  the  Osaki  Launch  Site  will  suffer  from  about  12  strikes  per  year,  it 
is  one  of  the  most  striked  areas. 

Protection  of  the  equipments  for  these  missions  from  lightning  strikes  is 
very  important,  so  we  have  installed,  though  experimentally,  lightning  protection 
devices.  Lightning  protection  for  the  electric  power  system  is:  1)  system  is  housed 
inside  a concrete  building  whieh  is  protected  by  lightning  rods,  and  2)  embedding 
and  trough  laying  system  using  corrugated  steel  armoured  cables.  Lightning  pro- 
tection for  the  electronic  devices  and  communication  lines  is  1)  system  is  in  con- 
crete buildings  which  is  protected  by  lightning  rods  of  roof  conductor  type  and 
2)  lines  being  embedded  or  laid  in  troughs  using  overvoltapce  protectors.  Lightning 
protection  for  the  building  of  storage  and  the  handling  facilities  of  explosives  and 
dangerous  objects  is  a system  which  uses  independent  lightning  rods  and  overhead 
grounding  wires. 
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1. 


Introduction 


The  main  function  of  the  Tanegashima  Space  Center  ( TNSC  ) include 
launching  of  rockets  and  satellites,  satellite  tracking,  data  acquisition 
and  static  firing  test. 

We  are  paying  considerable  attention  to  lightning  protection  system 
in  order  to  protect  the  equipments  for  the  fulfillment  of  these  functions. 

In  the  following  we  introduce  our  considerations  about  the  plan  of  lightning 
protection  and  their  several  example  at  the  Osaki  Launch  Site,  and  explain 
briefly  the  lightning  alarm  devices  which  have  been  tentatively  installed. 

The  Osaki  Launch  Site  is  the  main  site  in  TNSC  and  the  largest  in 
Japan  ( for  launching  rockets  and  satellites  ) and  it  is  expected  to  play 
an  important  role  for  the  future  launching  of  applications  satellites. 

2.  Design  Consideration 

2.  1.  Thunderstorm  days  per  year  at  the  Tanegashima  Island 

Fig.  1 shows  Isokeraunic  levels  ( IKL  ) in  Japan,  which  are  the 
average  in  about  20  miles-by-20  miles  areas.  From  this  figure,  we  lind 
that  in  Tanegashima  district  the  IKL  level  is  30  to  33  days  per  year,  indi- 
cating it  is  one  of  the  largest  IKl.,  level  areas.  If,  in  Japan  assuming 
that  IKL  level  is  33  days  per  year,  we  estimate  the  number  o'"  liglilning 
strikes  to  the  earth  per  year  at  TNSC,  which  is  located  iO  N,  according  to 
FAA  report,  it  is  1.5  strikes/year/km  . It  is  inferred,  tlierefore,  that 
the  Osaki  Launch  Site  of  about  7.5  km^  will  suffer  from  aliout  12  strikes  year. 
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2.2.  Regulations  for  the  lightning  protection  In  Japan 

As  there  are  the  Lightning  Protection  Code  and  the  Electrical 

Code  in  the  rules  of  NFPA  (National  Fire  Protection  Association) 

in  the  United  States,  there  are  regulations  of  similar  contents  in 

Japan,  which  provide  minimum  requirements  about  lightning  protection. 

As  to  the  structures  of  lightning  protection  devices  and  the  method 

of  grounding,  there  is  a standardization  presented  by  the  Japan 

Industrial  Standard  (JIS)  and  the  Japan  Electrical  Construction 

Association  (JECA)  suggests  some  kinds  of  facilities  according  to 

the  differences  of  buildings  in  the  actual  application,  as  seen  in 
(2) 

Table  1. 


2.3.  Design  principle  of  lightning  protection  at  TNSC 

Using  the  data  of  IKL  and  those  in  Table  1,  we  employ  the 
design  principles  of  lightning  protection  system  for  the  Osaki 
Launch  Site,  following  not  only  the  minimum  requirements,  but  the 
special  design  principles  described  below.  These  principles  can 
be  applied  to  the  buildings  of  the  other  stations. 


2.3.1.  Lightning  Protection  for  electric  power  systems 

a.  Power  plants  and  substations  are  of  Indoor  type,  being  housed 
inside  a building  of  reinforced  concrete,  and  the  building  itself 

is  protected  by  lightning  rods.  The  outer  view  of  the  power  plant 
is  shown  in  Fig.  2 as  an  example. 

b.  We  employ  the  embedding  and  trough  laying  systems  for  the 
feeders  of  high  and  low  voltage,  using  corrugated  steel  armoured 
cables  instead  of  overhead  wiring  system. 

The  corrugated  steel  armoured  cable  is  effective  to  lower  the 
earth  potential  when  it  is  grounded.  In  addition  lightning  n i- • 
are  attached  to  the  sending  and  receiving  end  of  iiigh  volt  ag*  :! 
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2.3.2.  Lightning  Protection  for  the  electronic  device  and 
communication  line 

a.  The  electronic  devices  are  as  a principle  accommodated  in  a 
building  of  reinforced  concrete  which  is  protected  by  lightning 
rods  of  roof  conductor  type. 

b.  Outdoor  antennas  are  protected  by  independent  lightning  rods, 
which  are  installed  by  taking,  the  situations  of  the  places  into 
account.  An  example  is  shown  in  Fig.3- 

c.  The  communication  cables  are  either  embedded  or  laid  in 
troughs  and  leading-in  points  of  the  cables  are  protected  from  the 
lightning  surge  using  overvoltage  protection  devices.  But  we  don’t 
use  buried  bare  cables  of  common  rod  counterpoise  system  or 

interconnecting  of  the  separate  electrode  system,  although  it 

(3) 

was  recommended  by  FAA. 

2.3.3.  Lightning  Protection  for  the  building  of  storage  and  the 
handling  facilities  of  explosives  and  dangerous  objects 

a.  According  to  Table  1,  we  applied  augment  protection  to 
those  buildings,  where,  in  principle,  independent  lightning  rods 
and  overhead  grounding  wires  are  used,  so  that  the  protection 
angle  may  become  below  45  degrees.  An  example  of  Rocket  motor 
storage  is  shown  in  Fig. 4. 

b.  Grounding  rods  are  attached  to  every  independent  lightning 
rod,  which  is  interconnected  by  use  of  buried  bare  cables. 

When  necessary,  the  total  grounding  resistance  is  made  lower, 
usfng  auxiliary  electrodes. 

I 


k 
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3.  Actual  examples 

3.1.  Mobile  Service  Tower  (MST)  for  N-launch  vlecle 

As  shown  In  Fig. 5 , MST  Is  about  55  meters  high,  being 
composed  of  truss  structure  and  regarded  as  a kind  of  cage.  The 
four  lightning  rods  mounted  on  the  top  of  MST  are  connected  to 
the  grounding  rods  respectively  through  down  conductors  along 
the  corners  of  MST.  Since  MST  Is  moved  along  the  rail  by  about 
80  meters,  these  grounding  rods  are  equipped  at  both  the  vlecle 
assemble  position  and  the  retrograde  position,  being  8 sites  In 
all  and  separated  Into  two  groups.  These  grounding  rods  are 
Interconnected  by  burled  bare  cables  to  rails,  launch  pads  and 
the  grounding  rods  of  umbilical  tower,  as  well  as  to  the 
surrounding  grounding  rods  of  liquid  oxygen  storage,  fuel 
storage  and  nitrogen  gas  storage.  Thus,  the  elevation  of  earth 
potential  Is  minimized  as  well  as  counterpoised  over  the  area 
about  150  meters  long  and  100  meters  wide.  Including  the  site  of 
the  launch  deck,  so  that  the  vlecle,  the  auxiliary  ground  support 
equipments,  the  dangerous  products  and  the  explosives  are 
protected.  In  addition,  according  to  the  safety  manual,  the  works 
are  Interrupted  and  workers  are  evacuated  In  the  vlecle  launching 
area  Including  the  Inside  of  MST,  when  thunder  cloud  approaches. 
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3.2.  Dangerous  Areas 


I 


Facilities  for  the  :*ocket  motor  storage  and  handling  are  called 
"Dangerous  Area",  which  include  rocket  motor  storage,  ignitor 
storage,  rocket  motor  checkout  building  and  spin  test  building. 

These  facilities  are  protected  through  augment  protection  as 
^ described  in  section  2.3*3,  using  independent  lightning  rods, 

^ overhead  ground  wires  and  buried  bare  cables.  Fig. 6 shows  an 

e.xample  of  the  spin  test  building.  These  protection  system  is  so 

O 

E designed  that  the  buildings  covered  with  in  45  angle  relative 

to  a vertical  plane  including  the  lightning  rods  and  overhead 
grounding  wires  can  be  protected. 

Each  facilities  in  the  dangerous  area  is  placed  in  the  bottom 
areas  between  gentle  hills,  in  order  to  minimize  the  effect  to  the 
surrounding  facilities  in  case  of  explosion  or  other  accidents,  so 
that  the  soil  humidity  is  very  high,  resulting  in  specific 
resistance  of  the  soil  of  as  low  as  20  to  30  ohms-m.  Hence, 
grounding  resistance  becomes  4 to  8 ohms  with  respect  to  each 
grounding  rod,  and  the  total  grounding  resistance  obtained  by 
connecting  through  buried  bare  wires  is  0.2  to  0.4  ohms,  so  that 
minimization  of  the  earth  potential  elevation  in  case  of  lightning 
strike  can  be  well  expected. 

4.  Lightning  alarm  device 

4.1.  Status  of  lightning  alarm  system  in  Japan 

The  objects  of  the  recent  development  of  the  lightning  alarm 
system  in  Japan  can  be  divided  into  three  cases:  The  first  is  the 

development  of  the  system  to  protect  power  transmission  lines  from 
lightning  strikes.  The  second  is  the  thundercloud  warning  system 
of  Defence  Agency  of  Japan  which  has  been  reported  to  have  been 
installed  recent'ly  at  the  Komatsu  Base  of  the  Air  Self  Defence  Force, 
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!'or  the  purpose  of  warning  the  air  area  around  the  air  base.  The 
third  Is  the  development  of  simple  apparatus  for  leisure  industry, 
foi’  example,  which  protect  Golf  players  at  Golf  countries. 

(1)  The  systems  for  the  protection  of  electric  power  feeders 
Include  the  thundercloud  warning  system  installed  by  the  Tokyo 
Hlectric  Power  Company  which  forecast  the  occurrence  of  thundercloud 
20  minutes  beforehand  with  50  percent  probability  by  use  of 
weather  radars  and  data  processing  apparatus.  The  Shikoku  Electric 
Company  utilizes  Information  from  discharge  waves  obtained  from 
many  observation  stations  to  cut  off  or  transfer  the  power  supply 
system . 

(2)  Although  details  are  not  known,  it  is  reported  that  the  system 
of  The  Defence  Agency  of  Japan  uses  a thundercloud  sensing  radar 
and  two  sets  of  direction  finders  and  8 sets  of  electric  field 
meters  to  monitor  the  range  within  50  km  in  radius. 

(3)  As  simple  devices  for  public  use,  there  are  the  systems  which 
count  the  thundercloud  discharges  and  give  a warning  of  thunderstorm 
when  the  discharge  density  exceeds  a certain  level  in  a certain 
interval,  or  give  a warning  when  the  charge  of  electric  field  is 
senced.  Both  systems,  however,  can  not  detect  the  range  and  the 
direction  of  the  thundercloud. 

4.2.  Test  of  lightning  strike  warning  devices  at  TNSC 

Two  kinds  of  lightning  strike  warning  devices  that  have  been 
designed  for  public  use  have  recently  been  installed  at  TNSC  for 
the  purpose  of  test.  By  use  of  these  devices  we  have  examined 
the  characteristics  of  thunderstorms  at  Tanegashlma  Island  and 
attempted  to  select  a practical  thundercloud  sensor  for  further 
development  of  thundercloud  alarm  system.  One  of  the  devices 
tested  is  of  lightning  discharge  counting  type  consisting  of  a 
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KHz  band  receiver,  a pulse  counter,  a display  unit  and  a recorder. 

The  receiving  antenna  is  of  the  type  shown  in  Fig.  7 . Tlie  pulse  counter 
is  reset  every  5 minutes  automatically,  and  when  3 successive  signals  are 
received,  a noticesignal  is  displayed,  and  7 successive  signals  are  received, 
a warning  signals  displayed.  By  this  device,  it  is  reported  that  the 
approach  of  thundercloud  can  be  noticed  in  the  range  of  ZO  to  30  km  and,  in 
the  range  of  10  km,  it  can  give  a warning.  The  TNSC  has  not  yet  examined 
the  relationship  between  the  discharge  counts  and  the  range  with  this  device. 
This  device  is  unable  to  distinguish  between  the  intracloud  discharge,  the 
stepped  leader  and  return  stroke.  The  attaclied  antenna  is  omni  direc- 
tional, so  that  it  can  not  discriminate  the  direction  with  only  a single 
device.  The  other  device  tested  is  of  electric  field  measuring  type. 

This  device  gives  a warning  on  the  basis  of  the  density  of  thundercloud 
discharge,  using  a rotary  type  electric  field  measuring  instrument,  as 
shown  in  F’ig.  8,  which  measures  the  electric  field  associated  with  the 
occurrence  of  thundercloud  and  detects  thundercloud  discharge  that  synchro- 
nizes with  lightning,  so  that  the  thundercloud  discharge  is  distinguished 
from  the  discharges  of  the  other  causes.  Fig.  9 shows  a schematic  of 
this  device,  and  Fig.  10  shows  an  example  of  the  variation  of  electric 
field  in  the  case  of  strike  to  the  eartli  recorded  in  TNSC.  This  device, 
like  the  former  device,  can  neither  determine  the  range  and  direction  of 
the  thundercloud  nor  measure  the  absolute  electric  field  intensity. 


-97- 


5.  Conclusion 


In  this  report  the  lightning  protection  system  of  TNSC  has  been 
outlined.  Our  experience  can  not  be  said  sufficient  at  present, 
and  we  consider  to  make  further  study  and  development  so  that  we 
can  establish  a more  economical  and  effective  system.  We  hope  that 
the  thunderstorm  warning  or  protection  system  capable  of  predicting 
the  thunderstorm  reliably  at  least  one  hour  beforehand  can  be 
established, so  that  we  can  protect  those  persons  who  are  encaged 
in  dangerous  works  or  outdoor  works  and  treat  properly  dangerous 
products. 

We  would  like  to  comment  that  the  PAA  reports  were  very  useful 
to  our  consideration  of  the  present  lightning  protection  system 
at  TNSC. 
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ABSTRACT 


A lightninfj  rod  or  air  terminal  along  with  a good  conducting  path  to  ground 
provides  a safe  path  for  the  lightning  current  to  reach  ground  without  causing  damage 
to  wood  or  other  non-conducting  structures.  Modern  steel  structures  are  not  nor- 
mally susceptible  to  such  lightning  direct  effects.  However,  the  voltages  and 
currents  induced  by  lightning  currents  that  flow  in  a conducting  structure  can 
cause  damage  or  upset  in  sensitive  electronic  or  other  electrical  equipment. 

They  can  also  cause  dangerous  sparking  in  areas  where  explosive  gases,  vapors, 
dusts  and  other  ignitable  materials  are  present.  Sparking  can  also  Initiate  a short 
circuit,  current  which  is  then  sustained  by  the  circuit  voltage  causing  failure  of 
computer  or  control  circuitry.  Personnel  may  be  exposed  to  moderate  electric 
shock. 

The  induced  effects  result  from  !;he  interaction  between  susceptible  conductors 
and  the  electromagnetic  fields  associated  with  the  lightning.  The  magnetic  field 
changes  inside  a structure,  that  produce  induced  voltages,  depend  on  the  lightning 
current  flow  paths  in  the  structure.  These  induced  effects  can  be  minimized  by 
lightning  current  control  techniques.  The  current  distribution  can  often  be  changed 
so  as  to  minimize  the  magnetic  field  in  the  region  of  the  equipment  to  be  protected. 
This  concept  is  applicable  to  many  shielding  and  ground  current  flow  problems. 
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PROTECTION  FROM  LIGHTNING  - INDUCED  EFFECTS 


J .R  StcLhmann 
PRC  Systems  Services  Co. 

Kennedy  Space  Center,  Florida 

1.0  INTRODUCTION 

Ben  Franklin  found  that  by  using  lightning  rods,  connected  to  an  eartli 
ground,  a safe  path  could  be  provided  to  ground  for  tlie  lightning  currents 
without  damage  to  wood  frame  or  other  nonconducting  structures.  Modern 
steel  structures  are  not  normally  susceptible  to  lightning  direct  effects 
which  are  usually  burning  and  welding  at  the  points  of  arc  contact.  However, 
currents  and  voltages  may  be  indirectly  induced  in  the  conductors  of  sensitive 
electronic  or  electrical  equipment  which  is  located  in  the  structure.  This 
equipment  may  be  damaged  or  upset  by  the  currents  and  voltages  induced  by 
nearby  lightning  currents  in  the  structure.  Dangerous  sparking,  in  areas 
where  explosive  gases,  vapors,  dusts  and  other  ignitable  materials  are  present, 
may  occur.  Sparking  can  initiate  a short  circuit  current  which  is  then  sustained 
by  the  circuit  voltage,  causing  failure  of  computer  or  control  circuitry.  Per- 
sonnel may  be  exposed  to  moderate  electric  shock. 

Induced  voltages  and  currents  may  be  reduced  by  shielding  the  equipment 
circuits  and  cables,  using  protective  devices  and  by  controlling  tlie  current 
paths  about  the  structure  so  as  to  reduce  induction  in  the  region  where  the 
susceptible  equipment  is  located, 

2.0  INDIRECT  EFFECTS 

Currents  and  voltages  resulting  from  a lightning  strike  in  conductors  that 
are  not  directly  contacted  by  the  lightning  channel  or  in  the  main  lightning 
current  paths  are  considered  indirectly  produced.  These  include  induced  volt- 
ages and  currents  inside  enclosures  or  resulting  from  a common  connection 
such  as  a ground.  In  contrast,  the  direct  strike  contact  effects  include  burning, 
eroding,  blasting,  deformation,  and  other  structural  damage  . High  pressure 
shock  waves  and  large  magnetic  forces  are  associated  with  lightning  strokes 
having  high  peak  currents . 

When  a thunderstorm  charged  region  is  overhead,  tlie  charge  may  start  a 
random  stepping  motion  toward  the  ground  in  the  form  of  a leader  with  a velocity 
of  about  100  kilometers  per  second  or  1/3000  the  speed  of  light.  The  trip  from 
cloud  base  to  ground  takes  about  20  milliseconds.  The  high  electric  field 
produced  when  the  leader  approaches  the  earth  causes  displacement  and  point- 
discharges  to  flow  from  objects  on  the  earth  such  as  buildings,  trees,  and  people. 
When  the  leader  tip  is  close  to  the  ground  (about  70  meters),  streamer  discharges 
from  the  earth  propagate  upwards  to  meet  it.  Streamer  currents  range  from 
10  to  1000  amperes.  People  conducting  these  streaniers  may  feel  tlie  equivalent 
of  a hammer  blow  on  the  head.  They  arc  usually  knocked  down,  stunned,  and 
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may  bo  temporarily  paralyzed.  They  usually  can  be  saved  by  prompt  application  j 

of  first  aid  techniques.  A few  of  the  streamers  n\ay  reach  tlie  leader  and  become  | 

part  of  the  iriain  lightning  channel.  The  rest  terminate  when  the  electric  field 
collapses  as  tlie  electric  field  is  suddenly  reduced  when  the  channel  is  completed. 

People  sharing  current  with  the  main  channel  are  usually  burned  severely  at  the 

points  of  lightning  entry  and  exit  and  heavily  shocked.  Some  of  these  people  may 

survive  if  the  shared  current  is  relatively  small  or  of  short  duration.  i 

I 

Figure  1 illustrates  how  a person  n\ay  share  in  a lightning  stroke  by  standing  j 

close  to  an  outdoor  isolated  pole  or  tree.  A side  flashover  may  occur  to  a person 
near  the  pole.  Part  of  the  ground  current  n\ay  flow  between  the  legs  of  a person 
walking  nearby.  Figure  2 shows  that  a worker  carrying  a pipe  in  an  open  area 
is  susceptible  to  tlie  induced  streamer  hazard  and  may  also  share  some  of  the 
stroke  current . 

2.  1 Electric  Field  Induction 

A thundercloud  induces  a charge  on  the  Earth  opposite  to  that  of  its  base. 

Wlien  a lightning  discharge  occurs,  changes  in  electric  field  may  be  as  great 
as  15  kilovolts  per  meter  as  far  as  3 miles  away.  The  changes  in  electric  field 
induce  high  voltages  on  objects,  particularly  on  long  insulated  wires  such  as 
power  lines  and  ungrounded  fences.  The  redistribution  of  these  charges  man- 
ifests itself  as  a current  flow  tlirough  the  impedances  of  any  grounding  conductors 
and  appears  as  a voltage  across  these  impedances.  Lightning  leaders  that  lower 
a charge  from  the  cloud  to  ground  can  cause  very  high  prestrike  voltages  in 
transmission  lines,  even  if  they  do  not  contact  the  line  directly.  While  direct 
strokes  cause  more  damage,  induced  voltages  are  more  numerous  and  can  cause 
outages  on  low  voltage  lines  or  can  damage  connected  equipment.  Induced  voltages 
of  one  million  volts  have  been  frequently  recorded  on  overhead  transmission  lines. 

Telluric  or  earth  currents  can  flow  in  buried  cables  during  thunderstorms, 
and  large  transient  voltages  may  be  coupled  into  these  cables.  Impedances 
between  the  ground  points  of  an  earthed  multiple  ground  system  also  share  earth 
currents.  If  the  system  can  be  isolated,  a single  ground  point  may  be  used. 

Where  ground  currents  flow,  the  cabling  between  grounded  systems  must  be 
carefully  shielded. 

2.2  Magnetic  Field  Induction 

Electromagnetic  coupling  exists  where  a voltage  is  induced  in  a circuit 
magnetically  coupled  to  the  current  carrying  conductors.  For  instance,  in 
Figure  3,  voltage  E is  magnetically  induced  in  loop  A by  the  field  produced  by 
the  changing  current  in  conductor  D.  Conductor  B could,  of  course,  be  any 
conductor  that  is  carrying  the  lightning  current,  including  the  lightning  channel. 

The  voltage  induced  in  a single-turn  isolated  loop  is  the  line  integral  around  tlie 
closed  path  of  the  electrical  field  intensity  E in  volts  per  meter,  K • . 

This  can  be  related  to  the  rate  of  change  of  the  magnetic  field  by  using  Stokes's 
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Figure  1 , 


Indirect  Side  Flash  and  Shared  Ground  Step  Current  Hazards 


Figure  4.  Resist! vely  Coupled  Voltage  Due  to  Lightning 
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theorem,  jfe  . dl  /7XE  •Js,  and  one  of  Maxwell's  equations,  - -^B/^Jt, 

known  as  Faraday's  law.  The  induced  voltage  reduces  to  the  familiar  form; 

Volts  ^ - (I/^t),J/  B • 3a  = - Area  (9B/9t)  = (1) 

Therefore,  the  voltage  induced  in  the  loop  is  equal  to  the  rate  ot  change  of  the 
normal  component  of  the  flux  linking  it.  One  volt  is  induced  in  a single  turn 
of  a one  square  meter  loop  by  a magnetic  field  rate  of  change  of  one  tesla  per 
second . 

2.3  Resistive  Coupling 

A lightning  stroke  current  I,  Figure  4,  may  terminate  in  the  enclosure  A 
and  then  flow  into  earth  through  the  ground  resistance  R j,  producing  a voT  age 
E between  the  enclosure  and  ground.  If  a cable  shield  is  connected  to  the 
enclosure  as  shown  in  Figure  4,  this  voltage  appears  on  the  cable  shield  rela- 
tive to  earth  ground,  but  not  relative  to  the  enclosure  A.  The  cable  runs  to 
another  enclosure  B,  grounded  through  R2.  If  a single  point  ground  is  used 
only  on  the  cable  shield  at  enclosure  A,  the  voltage  E'exists  between  the  cable 
shield  and  enclosure  B.  Since  no  current  flows  in  R2,  fhe  ground  resistance 
of  enclosure  B,  all  the  voltage  E appears  across  the  discontinuity.  The  voltage 
£2  between  the  circuit  and  enclosure  B will  be  some  fraction  of  £',  depending 
on  the  circuit  impedances.  For  a 100  kLloampere  stroke  and  a one  ohm  ground, 
E'could  be  100  kilovolts.  Of  course,  arcover  would  occur  before  this  voltage 
is  reached.  The  most  direct  way  of  minimizing  £'  and  E2  is  to  connect  the 
cable  shield  to  enclosure  B and  allow  the  shield  to  conduct  a portion  of  the 
stroke  current.  This  illustrates  the  need  for  an  overall  shield,  grounded  at 
both  ends,  for  lightning  protection  of  cables  between  two  enclosures.  Good 
earth  grounding  of  both  enclosures  does  not  obviate  this  requirement. 

3.0  ELECTRIC  AND  MAGNETIC  SHIELDING 

The  shielding  effectiveness  of  an  enclosure  against  electric  fields  first 
decreases  at  a rate  inversely  proportional  to  frequency  and  then  increases 
with  frequency  as  the  depth  of  penetration  becomes  much  less  than  the  thick- 
ness of  the  material.  As  an  example  of  electric  field  shielding,  tlie  miiumum 
shielding  effectiveness  of  a 1/ 16-inch  wall  aluminum  sphere,  36  inches  in 
diameter,  would  be  about  220  decibels  at  50  kilohertz. 

Magnetic  shielding  for  an  enclosure  is  difficult  to  attain  at  low  frequencies. 

A high  permeability  material  may  be  used  to  duct  tlie  field  around  the  enclosure. 
This  method  is  generally  not  practical  for  ordinary  shielding  because  of  cost 
and  weight.  At  intermediate  frequencies,  shielding  effectiveness  increases  in 
proportion  to  the  frequency  due  to  the  reflections  from  the  conducting  enclosure 
surface  as  a result  of  currents  induced  on  the  surface.  Shielding  effectiveness 
is  reduced  if  these  currents  are  prevented  by  cracks  or  apertures  in  the  surface. 
At  high  frequecies,  shielding  by  absorption  or  skin  effect  again  predominates. 

A 36  inch  aluminum  sphere,  used  as  an  example  for  electric  field  shielding, 
has  a magnetic  shielding  effectiveness  of  about  80  decibels  at  50  kilohertz. 

A steel  conduit  or  enclosure  provides  better  shielding  over  the  lightning  spectrum 
than  copper  or  aluminum.  The  same  attenuation  is  obtained  at  about  1/10  the 
frequency  so  that  a longer  pulse  would  be  effectively  attenuated.  Large  atten- 


-104- 


uations  arc  obtained  for  relatively  thin  sheets  of  the  order  of  0.05  inch  thick. 
Magnetic  coupling  through  apertures  may  exceed  diffusion  coupling,  especially 
at  high  frequencies. 

With  good  shielding  the  voltage  inside  the  shield  can  be  reduced  to  the  order 
of  the  shield-resistance  voltage  drop.  Shield  braid  generally  does  not  offer 
adequate  shielding  at  high  frequencies,  but  is  adequate  over  most  of  the  lightning 
frequency  spectrum.  Conduit  and  cable  trays  can  be  made  to  provide  good  shield- 
ing. Cables  can  also  be  double  shielded  to  improve  shielding  effectiveness,  and 
circuits  can  be  isolated  on  signal  pairs  to  separate  the  circuit  from  the  shield 
resistive  voltage  drop. 

4.0  CURRENT  CONTROL  FOR  MINIMIZING  INDUCED  EFFECTS 

l all  structures  may  attact  severe  lightning  strokes  from  distances  10  times 
the  height  of  the  structure.  For  a 500  foot  tower  the  radius  of  attraction  is 
one  mile.  The  induced  voltages  inside  a structure,  due  to  a direct  stroke  to  the 
structure,  can  be  reduced  by  controlling  the  current  flow  so  as  to  minimize 
the  magnetic  flux  produced  inside  the  structure.  This  can  be  accompLshed  by 
causing  the  current  to  flow  symmetrically  about  tlie  structure  so  as  to  cancel  the 
magnetic  flux  in  the  structure  in  the  region  where  susceptible  equipment  or 
cabling  is  located.  As  an  illustration,  for  16  vertical  conductors  arranged  as 
shown  in  Figure  5,  tliere  is  a zone  of  negligible  induction  in  the  center  for  equal 
currents  in  all  conductors.  At  the  boundary  of  tliis  zone  the  magnetic  field  is 
reduced  by  a factor  of  2000  (66  decibels)  as  compared  to  the  field  between  two 
of  the  wires.  The  reduction  is  greater  inside  the  zone.  Inside  a structure, 
equipment  susceptible  to  lightning  transients  should  be  located  in  the  zones  of 
negligible  induction. 

Figure  6 illustrates  a technique  for  obtaining  symmetrical  current  flow  about 
a structure  using  an  insulating  mast,  shield  wires  and  ground  conductors  termi- 
nated in  equal  ground  impedances.  The  shield  wires  may  be  coaneeted  to  build- 
ing steel  if  symmetrical  current  flow  can  be  provided  by  the  structure.  If  not, 
insulated  cables  might  be  used.  The  insulation  need  only  be  adequate  for  the 
difference  between  the  cable  voltage  and  that  induced  in  the  building  steel. 

5.0  VERIFICATION  TESTING 

The  ability  of  equipment  to  withstand  the  indirect  effects  of  lightning  must  be 
verified  by  analysis  or  test.  A diagram  of  the  various  transient  levels  is  shown 
in  Figure  7.  A protector  may  be  used  to  reduce  the  transient  to  a specified  level 
below  the  transient  control  level  (Z  margin)  relating  to  the  degree  that  the  actual 
transient  level  is  known.  Depending  on  the  criticality  (X  margin)  of  the  circuit, 
a transient  design  level  is  specified  above  the  control  level  and,  depending  on 
the  extent  to  which  the  actual  equipment  susceptibility  is  known  (Y  margin), 
a susceptibility  (upset)  level  is  Set.  The  vulnerability  (damage)  level  is  above 
the  susceptibility  level. 
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Figure  6.  Controlled  Synnetrical  Current  Flow  Obtained  by  Us4n^  Insulating 
Mast  and  Building  Steel  or  Insulated  Conductors  Grounded  at  the  Bottom 
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Control  and  Design  Levels  (Verify  ty  Analysis  and  Test) 


i 


Analysis  usually  requires  some  assumptions.  Therefore,  proof  tests  of 
lightning  induced  effects  should  be  made  to  verify  and  assist  analysis,  Sonie 
reasons  for  tests  are: 

a)  Verification  of  analysis 

b)  Extension  of  analysis 

c)  Identification  of  weaknesses  and  detection  of  surprises 

d)  Quality  assurance 

Proof  testing,  by  applying  typical  lightning  currents  to  systems,  is  often 
faster  and  more  cost-effective  than  analysis.  Generally,  it  is  best  to  combine 
analysis  and  proof  testing.  Periodic  testing  for  maintenance  is  also  desirable 
to  ensure  that  the  system  shielding  or  other  lightning  protection  has  not  been 
degraded  due  to  environmental  factors,  modifications,  retrofits,  or  other 
causes . 
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When  one  is  studying  the  electromaj^netic  effects  of  lightning  it  is  frequently 
difficult  to  treat  the  problems  analytically,  even  if  all  the  factors  that  influence 
the  effects  can  be  visualized.  One  of  the  tools  that  may  be  used  to  aid  the  analysis 
or  visualization  is  the  geometric  model;  a model  that  is  (usually)  smaller  than  the 
actual  system  under  study.  By  injecting  lightning  like  pulses  of  current  into  such 
a model  and  measuring  the  resultant  circuit  behavior  the  investigation  can  frequently 
sift  out  the  factors  that  are  of  most  importance  for  further  study  and  simultaneously 
identify  those  factoi-s  that  do  not  signific:intly  jiffect  the  system  response. 

Models  are  probably  most  valuable  for  their  educational  capabilities.  They 
are  best  used  for  illustrating  the  physical  phenomena  involved  in  a lightning  inter- 
action problem  and  for  scoping  out  the  magnitude  of  the  problem.  Physical  scaling 
laws  and  the  skill  of  the  model  builder  often  preclude  the  determination  of  the  exact 
response,  particularly  if  the  response  involves  the  electromagnetic  fields  internal 
to  a structure. 

The  purpose  of  this  paper  is  to  give  some  specific  details  on  how  models  may 
be  built  and  tested  and  to  give  guidance  on  what  they  can  and  cannot  be  used  for. 


-124- 


Introduction 


When  one  is  studying  the  electromagnetic  effects  of  light- 
ning it  is  frequently  difficult  to  visualize  the  factors  that 
must  be  taken  into  account.  It  is  even  more  difficult  to  treat 
those  factors  analytically.  This  is  particularly  true  if  the 
system  under  study  is  physically  large  because  one  must  then 
take  account  of  the  distributed  nature  of  both  the  electromag- 
netic fields  produced  by  lightning  and  of  the  electrical  circuits 
that  arc  acted  upon  by  those  fields.  One  of  the  tools  that  can 
aid  the  investigator  is  the  geometric  model;  a model  that  is 
(usually)  physically  smaller  than  the  actual  system  under  study. 
By  injecting  lightning  like  pulses  of  current  into  such  a model 
and  measuring  the  resultant  circuit  behavior  the  investigator 
can  frequently  sift  out  the  factors  that  are  of  most  importance 
for  further  study  and  simultaneously  identify  those  factors  that 
do  not  significantly  affect  the  system  response  and  which  may  be 
consigned  to  a guarded  limbo.  Sometimes  the  characteristics  of 
the  models  are  such  that  actual  quantative  measurements  can  be 
made.  More  frequently  however  the  limitations  of  the  model  art 
(and  it  is  largely  an  art)  are  such  as  to  limit  one  to  only 
qualitative  measurements.  Even  qualitative  measurements  however 
can  be  most  educational.  Frequently  the  educational  insights 
provided  bv  measurements  on  simple  models  are  the  most  valuable 
product  of  the  model  art. 

The  purpose  of  this  paper  is  to  illustrate  some  of  the 
characteristics  of  models  and  to  illustrate  the  uses  to  which 
models  may  be  placed.  Many  of  the  points  will  be  illustrated 
by  reference  to  a model  study  made  on  the  launch  facilities  used 
at  Kennedy  Space  Center  for  the  Apcllo  and  Skylab  programs. 

These  will  be  supplemented  somewhat  by  examples  of  models  that 
have  been  used  for  study  of  the  effects  of  lightning  on  power 
transmission  lines.  The  treatment  will  be  largely  in  how-to-do- 
it format;  at  least  within  the.  confines  of  one  paper. 

Types  of  Models 

The  type  of  models  we  will  talk  about  the  most  is  of  the 
geometrical  relative  type . Before  it  is  described  any  further, 
a brief  digression  will  be  made  to  describe  other  types  of 
models  used  in  the  investigation  of  electromagnetic  and  transient 
phenomena . 

Models  are  classified  both  as  to  their  structure  and  to  the 
information  they  yield.  One  structural  type  would  be  the  model 
circuit  in  which  the  inductances,  capacitances,  and  resistances 
of  an  extensive  electrical  system  arc  replaced  by  the  lumped 
inductances,  capacitances  and  resistances  of  an  electrical  cir- 
cuit in  the  laboratory.  Such  a model,  though  it  may  not  look 
like  the  real  thing,  can  duplicate  the  essential  electrical 
quantities  in  which  one  is  interested.  Another  structural  type 
would  be  the  scale  model  or  geometrical  model  of  which  the  model 
train  is  an  excellent  example.  Such  models  can  he  made  as  much 
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like  the  real  article  as  the  situation  warrants  or  as  the  skill 
of  the  model  maker  will  allow. 

With  regard  to  the  information  obtainable  from  models, 
they  can  be  divided  into  two  groups;  the  absolute  model  and  the 
relative  model.  In  the  absolute  model  the  power  level  of  the 
original  is  simulated  and  quantitative  data  can  be  obtained  on 
all  the  electromagnetic  properties  of  the  system.  In  the  rela- 
tive model  on  the  other  hand,  the  power  levels  are  not  simulated 
and  data  can  be  obtained  only  on  those  properties  which  do  not 
depend  on  power  levels.  These  include  impedances,  voltages 
between  points,  current  distributions,  and  magnetic  fields  in 
the  region  surrounding  the  model. 

The  tvpe  of  model  which  is  most  suitable  for  the  study  of 
transient  and  electromagnetic  field  phenomena  is  the  geometrical 
relative  tvpe 

Models  are  described  in  terms  of  scale  factors;  the 
relationship  between  a certain  property  on  the  model  and  the 
corresponding  property  on  the  prototype.  These  scale  factors 
involve  the  fundamental  physical  dimensions  of  length,  mass, 
time  and  charge  (or  current) . Only  a limited  number,  usually 
three,  of  these  scale  factors  mav  be  chosen  independently. 

Table  1 shows  the  scaling  relations  that  would  apply  in  terms 
of  the  length  ({.),  time  (t)  and  impedance  (Z)  paramenters.  When 
scale  factors  are  applied  to  these  three  quantitites  (or  any 
three  quantities)  the  scale  factors  for  all  the  other  quantities 
are  fixed.  Care  must  be  given  to  the  choice  of  scale  factors 
since  some  choices  lead  to  more  useful  models  than  do  other 
choices . 

Models  of  the  type  we  are  discussing  here  were  first  used 
extensively  for  the  study  of  lightning  effects  on  power  trans- 
mission lines.  In  such  studies  it  is  appropriate  to  choose 
scales  such  that  impedances  in  the  model  are  the  same  as  the 
impedances  in  the  actual  transmission  line.  Accordingly  the 
impedance  scale  factor  Z is  set  equal  to  unity.  Since  it  is 
most  easy  to  work  in  a medium  (air)  having  the  same  dielectric 
constant  as  an  actual  transmission  line,  the  appropriate  scale 
factors  to  choose  arbitrarily  are: 

H = 1 

Z = 1 

c = 1 

This  choice  results  in  the  length  (*.)  and  time  (t)  scales 
being  the  same.  Typical  scale  factors  used  in  transmission 
line  studies  have  been  Z = 1/50  and  t = 1/50.  With  the  length 
and  time  scale  both  equal  to  1/50  other  scale  factors  are  as 
shown  in  Table  2.  All  these  relationships  can  be  met  except  the 
requirement  that  conductivity  in  the  model  be  50  times  that  in 
the  actual  structure.  Materials  with  a conductivity  50  times 
that  of  structural  steel,  aluminum  or  copper  do  not  exist.  This 
is  unfortunate,  but  merely  reflects  the  fact  that  modeling 
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requires  that  compromises  must  be  made  between  the  demands  of 
theory  and  the  limitations  of  practice. 

The  problems  raised  by  material  conductivity  set  one  of  the 
important  dividing  lines  between  what  models  can  and  cannot  be 
easily  used  for.  Broadly  speaking,  if  the  effects  under  study 
are  influenced  by  the  electromagnetic  fields  external  to  the 
materials  from  which  the  model  is  made,  the  models  may  be  used 
for  quantitative  studies  of  electrical  response.  Transmission 
line  studies  fall  into  this  category.  The  voltages  induced 
on  conductors  are  influenced  very  little  by  the  material  from 
which  the  towers  are  built  and  so  theoretically  correct  scaling 
of  material  conductivity  is  of  little  importance. 

Studies  involving  electromagnetic  fields  internal  to  a 
structure  produced  by  an  external  source  are  a different  matter. 
Such  fields  are  strongly  influenced  by  the  electromagnetic 
shielding  properties  of  the  material,  properties  strongly  depen- 
dent upon  material  conductivity.  We  will  touch  only  very 
briefly  on  the  tricks  available  to  the  user  of  the  models.  As 
an  example,  it  is  possible  to  choose  conductivity 


as  one  of  the  three  quantities  to  be  chosen  independent Iv . If 
the  impedance  (Z)  and  the  dielectric  constant  (c)  arc  chosen  to 
be  unity  then  the  length  and  time  scales  should  be  chosen  as 
1 = 1 and  t = This  course  of  action  has  the  drawback  that 

the  time  scale  may  become  too  small  to  handle.  On  a 1/50  scale 
model  the  time  scale  would  be  1/2500.  To  duplicate  a 1 micro- 
second rise  time  source  current  would  require  a model  source 
rise  time  of  AOO  picoseconds.  Alternatively  one  might  build  a 
model  from  thinner  materials  than  the  length  scale  would  call 
for . 

Frequently  the  manual  dexterity  of  the  model  maker,  or  the 
cost  of  buying  his  services,  sets  more  of  a limitation  on  the 
construction  of  the  model  than  does  the  availability  of  mate- 
rials from  which  to  build  the  model.  Under  those  circumstances 
there  is  some  virtue  in  ignoring  the  subleties  of  modeling  and 
using  the  model  primarily  as  an  educational  tool. 

Construction  of  a Typical  Model 

Perhaps  the  easiest  way  to  illustrate  the  potentialities 
of  models  is  to  describe  one  model  that  the  author  has  used. 

It  was  a model  used  to  verify  some  of  the  assumptions  made 
during  an  analytic  study  of  voltages  induced  on  electrical 
wiring  of  Apollo  type  launch  facilities  at  Kennedy  Space  Center. 
As  such,  this  model  was  intended  mostly  as  an  educational  tool 
and  not  as  an  exact  iluplication  of  any  specific  launch  facility. 

The  model  was  constructed  to  a length  scale  of  1/48,  1"  on 
the  model  corresponding  to  4'  on  the  actual  launch  facilities. 

To  all  intents  and  purposes  this  can  be  taken  as  a length  scale 
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of  1/50,  n more  mimerically  convenient  value  to  use  when  dis- 
cussing test  results. 

A photograph  of  the  model  is  shown  on  Figure  1.  Only  one 
swing  arm  was  simulated  since  the  purpose  of  the  tests  was  only 
to  demonstrate  some  of  the  basic  principles  of  transient  voltage 
generation,  and  not  to  obtain  qualitative  data  on  circuits  that 
were  used  in  Skylab  or  Apollo. 

Some  characteristics  of  the  model  are  as  follows:  No 

attempt  was  made  to  duplicate  the  type  of  materials  used  in  the 
actual  launch  facility  or  to  duplicate  the  exact  cross-sectional 
shape  of  the  structural  members.  The  legs  of  the  tower  were 
made  from  aluminum  angle,  the  diagonal  bracing  members  made 
from  aluminum  rectangular  strip  and  the  decks  of  the  tower  made 
from  galvanized  steel  folded  into  the  shape  of  a shallow  dish. 
The  base  was  formed  from  galvanized  steel  shaped  into  a box 
structure.  The  tops  and  bottoms  of  the  base  were  bolted  onto 
the  sides  of  the  base  with  machine  screws  at  2”  spacings.  The 
walls  which  outlined  the  openings  through  which  engine  exhaust 
would  pass  were  likewise  formed  of  galvanized  steel,  bolted  to 
the  top  and  bottom  plates.  No  attempt  was  made  to  duplicate 
the  partitions  or  floors  internal  to  the  base.  Within  the 
tower  the  elevator  shafts  were  duplicated  by  a rectangular  box 
of  galvanized  steel  extending  from  the  top  to  the  bottom  of  the 
tower.  A number  of  the  cable  trays  running  vertically  in  the 
tower  were  duplicated,  the  trays  being  duplicated  by  1/4"  copper 
tubing  passing  through  the  various  floors  and  making  a press  fit 
with  the  floors.  Where  the  cable  trays  opened  into  the  base 
the  copper  tubes  were  soldered  to  the  galvanized  steel  top 
plate  of  the  base.  No  attempt  was  made  to  duplicate  stairs  or 
any  of  the  water,  propellant,  or  air  conditioning  pipes  that 
were  present  on  the  actual  launch  facility. 

A vehicle  was  simulated  bv  an  aluminum  tube.  The  bottom 
of  the  vehicle  was  open.  The  top  could  be  covered  bv  a metal 
sheet  held  in  place  by  a weight.  Any  more  detailed  simulation 
of  the  vehicle  would  have  been  a waste  of  time  since  the  purpose 
of  the  simulation  was  only  to  provide  a check  on  some  of  the 
assumptions  upon  which  analytical  studies  were  based. 

A limited  number  of  dummy  electrical  circuits  were  run 
from  the  base,  up  the  cable  travs  and  across  the  umbilical  arm 
to  the  vehicle.  These  circuits  will  he  described  in  a bit  more 
detail  later  on. 

Test  Techniques 

The  equipment  and  techniques  required  to  inject  lightning- 
like  currents  into  the  model  and  to  measure  the  resulting 
currents,  voltages  and  magnetic  fields  will  be  described  in 
considerable  detail  with  the  aim  of  presenting  "how  to  do  it" 
information  to  others  that  may  wish  to  pursue  the  model  art. 

The  first  point  to  emphasize  is  that  the  model  was  not 
subjected  to  high  voltage  arcs  from  any  high  voltage  laboratory 
generator.  Rather  it  was  subjected  to  current  impulses 
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conducted  directly  into  the  model  from  a low  voltage  pulse 
generator.  Low  voltage  is  used  in  a relative  sense  here;  charg- 
ing voltages  in  the  pulse  generator  had  to  be  upwards  of  15  kV 
in  order  to  inject  sufficient  current  into  the  model  that  mea- 
surements of  voltage  on  representative  shielded  circuits  could 
be  measured.  Such  charging  voltage  and  pulse  power  levels  are 
well  beyond  the  range  of  anv  typical  laboratory  pulse  generators, 
even  those  billed  as  high  power  pulse  generators. 

The  reason  that  one  needs  a high  voltage  for  the  generator 
is  that  the  current  into  the  model  must  be  built  up  to  substan- 
tial levels  in  a fairly  short  time,  1/50  the  time  for  the  rise 
of  the  actual  lightning  currents.  If  one  is  to  duplicate  a 
lightning  current  rising  to  crest  in  5 microseconds  the  current 
injected  into  the  model  must  rise  in  5/50  or  0.1  microseconds. 

The  rate  at  which  current  builds  up  in  this  type  of  circuit 
depends  upon  the  ratio  of  the  inductance  of  the  loop  through 
which  the  current  flows  to  the  resistance  in  that  loop.  That 
resistance  may  be  quite  high.  In  this  particular  circuit  the 
discharge  resistance  was  300  ohms.  The  energy  storage  capacitor 
had  to  be  charged  to  about  12000  volts  to  get  the  21  amperes 
peak  current  ultimately  reached. 

The  model  was  set  up  in  a room  having  a floor  covered  with 
aluminum  foil  which  was  connected  to  the  steel  framing  beams  of 
the  building.  These  beams  were  in  turn  connected  to  the  steel 
plates  forming  the  ceiling  of  the  room.  The  aluminum  foil  pro- 
vided a good  ground  plane.  The  pulse  generator  was  placed  on 
the  ceiling  above  the  model  and  connected  to  the  model  through 
a piece  of  wire.  The  return  current  from  the  floor  back  to  the 
generator  flowed  in  a broadly  distributed  manner  through  the 
steel  framing  members  of  the  building.  This  type  of  connection 
avoids  the  higher  inductance  that  would  appear  if  one  tried  to 
provide  a dedicated  wire  return  path.  It  also  minimizes  the 
magnetic  fields  associated  with  the  flow  of  current  in  the 
return  path. 

The  circuit  diagram  of  the  pulse  generator  is  shown  on 
Figure  2,  with  the  component  values  shown  on  Table  3.  Capaci- 
tors Cl  and  C2  (in  series)  formed  the  prime  energy  storage 
capacitor.  They  were  charged  through  the  isolating  resistor 
R1-R4  from  an  external  15  kV  dc  power  supply.  They  were  dis- 
charged into  capacitors  C4  and  C5  (in  parallel)  through  R8  and 
the  primary  discharge  gap  Gl.  C4  and  C5  were  subsequently 
discharged  through  the  secondary  spark  gap  G2  and  into  the  model 
through  LI  and  R9 . Spark  gaps  were  used  as  the  switches  because 
they  were  the  simplest  devices  able  to  handle  the  voltage.  A 
two  stage  discharge  circuit  was  used  to  promote  fast  switching 
of  the  secondary  spark  gap. 

The  layout  of  parts  of  the  pulse  generator  is  shown  on 
Figure  3.  All  the  parts  were  enclosed  in  an  1"  x 17”  x 3” 
aluminum  box.  The  components  were  mounted  on  a piece  of  insu- 
lating board  and  insulated  from  the  box  by  another  insulating 
board.  The  primary  spark  gap  Gl  was  formed  from  two  1.5” 


lengths  of  3/8"  steel  bolt  stock  threaded  through  rectangular 
aluminum  blocks.  Between  the  rods  was  placed  a piece  of  copper 
wire  of  0.05"  diameter.  Electrically  this  trigger  electrode  was 
held  at  a voltage  half-way  between  that  applied  to  the  elec- 
trodes of  the  spark  gap  by  the  voltage  divider  R5-R6.  A door 
knob-type  ceramic  capacitor  insulated  the  trigger  electrode  from 
the  secondary  winding  of  the  trigger  transformer  Tl.  When  a 
pulse  of  about  400  volts  was  applied  to  the  primary  of  Tl  a 
voltage  as  high  as  40  kV  was  produced  in  the  secondary  of  the 
transformer.  This  voltage  was  sufficient  to  lead  to  a breakdown 
between  the  trigger  electrode  and  one  of  the  main  electrodes  of 
the  spark  gap.  As  soon  as  a breakdown  of  half  the  gap  occurred 
the  resulting  ionization  was  sufficient  to  cause  breakdoim  of 
the  rest  of  the  gap,  thereby  dumping  the  energy  stored  on  Cl  and 
C2  into  the  secondary  load  capacitor. 

Capacitor  C6,  which  served  to  filter  out  the  high  freauency 
noise  produced  by  the  breakdown  of  the  spark  gaps  and  to  confine 
that  noise  within  the  interior  of  the  metal  case,  was  required 
to  have  very  low  inductance.  C6  was  physically  ‘'ormed  from  a 
metal  plate  about  1.5"  wide  x 5"  long  connected  to  the  output 
terminal  of  the  pulse  generator  and  spaced  away  from  the  wall  of 
the  box  by  a piece  of  plastic  0.125"  thick.  The  capacitance  of 
C6  was  thus  on  the  order  of  100  picofarads . 

The  waveshape  of  the  current  produced  by  this  pulse  genera- 
tor is  shown  on  Figure  4.  The  peak  current  was  about  21.5 
amperes  and  it  rose  to  crest  in  about  0.03  microseconds,  equiv- 
alent to  1.5  microseconds  full  scale.  The  current  decaveel  to  a 
half  value  in  about  0.9  microseconds,  equivalent  to  45  microsec- 
onds full  scale.  The  trigger  generator,  not  shown  for  reasons 
of  space,  produced  about  five  trigger  pulses  per  second. 

Making  measurements  on  a model  like  this  involves  two  major 
problems.  The  first  is  that  of  keeping  the  spurious  noise 
(high  frequency  "hash")  from  being  picked  up  by  the  measuring 
oscilloscope  and  measuring  leads.  The  second  is  that  of  keeping 
the  measuring  leads  from  influencing  the  magnetic  fields  around 
the  model  or  having  induced  in  them  signals  noise  (other  than 
"hash")  which  masks  the  desired  signals. 

For  control  of  high  frequency  hash  it  is  necessary  to 
shield  both  the  oscilloscope  and  measuring  cables.  Ideally  one 
would  nut  the  model  inside  a shielded  room  and  the  measurement 
oscilloscope  outside,  or  vice  versa.  Such  facilities  were  not 
available  and  so  the  measuring  oscilloscope  was  housed  in  an 
aluminum  box  of  dimensions  2'  x 2'  x 4' . One  end  of  the  box 
was  open  so  that  the  operator  could  get  to  the  oscilloscope  and 
view  the  resulting  displays . This  shielding  box  was  placed  as 
far  away  from  the  model  as  possible,  in  this  particular  case 
about  15'.  Three  types  of  signals  were  brought  into  the 
oscilloscope;  a trigger  signal,  a signal  from  a current  measur- 
ing transformer  and  a signal  from  the  base  of  the  model. 
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Fi^’ure  5 shows  the  shielding  and  grounding  techniques  used.  All 
the  signals  were  carried  on  RG-58/U  coaxial  cable.  The  coaxial 
cables  from  the  base  of  the  model  and  from  the  current  trans- 
former were  additionally  shielded  by  3/8"  copper  tubing.  The 
tubing  was  fastened  to  the  model  and  to  the  oscilloscope  box 
with  compress  ion- type  tubing  fittings.  Inside  these  tubes  were 
placed  the  lengths  of  RG-58/U  coaxial  cable.  At  the  base  of  the 
model  the  shield  of  the  cable  was  connected  to  the  interior  side 
of  the  metal  plate  forming  the  bottom  of  the  base.  At  the  box 
bolding  the  oscilloscope  the  cable  passed  directly  through  the 
wall  of  the  box  and  went  directly  to  the  input  of  the  oscillo- 
scope. The  coaxial  cable  from  the  output  of  the  current  trans- 
former was  treated  in  the  same  way;  the  cable  shield  being 
connected  to  the  metal  case  holding  the  current  transformer  and 
isolated  from  the  box  housing  the  oscilloscope.  The  copper  tube 
used  for  shielding  was  connected  to  the  case  of  the  current 
trans  former . 

The  purpose  of  these  shielding  and  connection  practices  was 
to  minimize  the  noise  currents  that  might  flow  on  the  outside 
surface  of  the  shield  of  the  cable.  The  less  current  that  flows 
on  the  outside  of  the  cable  shield  the  less  is  the  current  that 
can  couple  from  the  shield  onto  the  signal  contluctor  inside 
the  measuring  cable.  Minimizing  the  current  on  measuring  cables 
is  also  the  main  way  that  one  minimizes  the  influence  of  the 
measuring  leads  on  the  electromagnetic  fields  surrounding  the 
model.  An  example  of  this  is  seen  in  the  way  that  the  input 
current  was  measured.  This  was  done  through  the  \.ise  of  a cur- 
rent transformer  throvigh  which  the  model  lightning  current  was 
passed.  The  case  of  this  transformer  was  connected  carefully 
to  the  copper  tube  surrounding  the  output  measuring  cable.  The 
shield,  which  was  not  allowed  to  touch  the  v^;ire  ..arrying  the 
model  current  was  run  radially  away  from  the  conductor  so  as  to 
most  rapidly  get  away  from  the  high  magnetic  field  around  the 
conductor.  Other  measuring  cables  were  run  inside  the  model 
vehicle  or  inside  the  cable  trays  of  the  tower,  all  places 
where  the  magnetic  field  was  low.  Some  of  these  points  will  be 
elaborated  upon  more  momentarily. 

The  oscilloscope  was  triggered  by  a signal  derived  from  a 
trigger  transformer  around  one  leg  of  the  tower.  The  trans- 
former was  a home-made  one  using  three  turns  of  wire  on  a 
ferrite  core  placed  over  the  tower  leg.  Faithfulness  of  repro- 
duction of  current  waveshape  was  unimportant  here,  the  important 
thing  being  only  to  derive  a trigget'ing  signal  when  current 
began  to  flow  in  the  tower  leg.  The  construction  and  placement 
of  the  transformer  is  shown  on  Figure  6. 

Magnetic  fiei.  i can  be  measured  with  a variety  of  pickup 
coils.  One  of  these  can  be  seen  on  Figure  1.  This  one  con- 
sisted of  several  turns  of  wire  contained  in  a shielded  case. 

The  output  from  this  particular  probe  was  displayed  on  an 
oscilloscope  so  that  both  the  amplitude  and  waveshape  of  the 
field  could  be  measured.  Such  a probe  averages  the  field  over 
a fairly  large  area.  It  is  possible  to  make  very  small  probes 
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so  that  detailed  measurements  can  be  made  of  how  the  magnetic 
field  distributes  around  a structure.  The  output  voltage  from 
such  probes  is  generally  too  lov;  to  be  displayed  on  an  oscillo- 
scope, but  it  can  be  m.easured  on  a tuned  voltmeter  or  radio 
interference  meter  In  such  cases  it  is  helpful  to  resonate  the 
self  inductance  of  the  pick-up  coil  with  a parallel  capacitor 
and  to  excite  the  model  with  a CW  source  of  that  frequency.  In 
such  a case  the  frequency  should  be  well  below  any  of  the 
natural  resonance  modes  of  the  model. 

Some  Typ ical  Test  Result s 

One  example  of  a set  of  measurements  taken  on  this  model  is 
shown  on  Figure  7.  A subminiature  coaxial  cable  over  which 
another  shield  had  been  pulled  (making  it  a triaxial  type  of 
cable)  was  run  from  the  base,  up  one  of  the  cable  trays  in  the 
umbilical  tower  and  across  the  umbilical  arm  to  the  vehicle.  In 
the  vehicle  it  was  connected  to  a measuring  cable  permanently 
installed  in  the  vehicle.  This  measuring  cable,  which  was  also 
a subminiature  coaxial  cable,  was  enclosed  in  a copper  tube  run 
up  the  inside  surface  of  the  vehicle.  The  ends  of  the  circuit 
were  terminated  to  ground  through  50  ohms,  either  by  a resistor 
or  by  connection  to  the  50  ohm  measuring  cable  running  to  the 
oscilloscope . 

The  inner  shield  could  be  grounded  either  at  the  vehicle 
(Point  A)  or  at  the  base  (Point  B) . A perennial  question  in- 
volves the  best  noint  to  ground  this  shield.  Measurements  under 
all  possible  conditions  showed  that  there  are  some  significant 
differences  in  the  circuit  voltages  depending  on  how  this  shield 
is  grounded.  Tracings  of  the  oscillograms  taken  during  the 
test  are  also  shown  on  Figure  7.  They  show  that  grounding  the 
shield  at  the  base  led  to  an  oscillatory  type  of  voltage  that 
was  higher  than  if  the  shield  were  not  grounded  at  all.  The 
lowest  voltages  were  found  when  the  shield  was  grounded  at  both 
ends  . 


A second  set  of  measurements  is  shown  on  Figure  8.  Here 
a singly  shielded  conductor  was  run  across  the  umbilical  arm  to 
the  vehicle.  The  shield  represented  the  overall  shield  commonly 
used  at  KSC . The  object  of  the  measurements  was  to  show  how 
the  grounding  of  this  shield  affected  the  voltage  that  would  be 
produced  in  the  vehicle.  The  measurements  clearly  showed  how 
important  it  was  that  this  overall  shield  be  grounded  at  both 
ends.  It  can  also  be  deduced  from  these  measurements  that 
virtually  all  the  magnetic  flux  to  which  the  conductors  are 
exposed  is  that  which  is  found  around  the  umbilical  arm. 

For  the  purposes  of  this  paper  the  important  points  are  not 
so  much  the  phenomena  illustrated  above,  but  that  these  types 
of  measurements  are  possible  and  can  in  fact  be  made  with  rela- 
tive ease  once  the  basic  model  has  been  set  up.  The  fact  that 
measurements  can  be  done  directly  in  the  time  domain,  rather 
than  through  the  frequency  domain  is  also  important.  In  tran- 
sient studies  of  this  nature  calculations  or  measurements  made 
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in  the  frequency  domain  have  the  drawback  that  thev  must  be 
converted  into  time  domain  throuy.h  numerical  integration  of  the 
inverse  Iou’'ier  transform,  a task  that  is  time  consuming  and 
expensive  without  specialized  and  dedicated  calculation  equip- 
ment . 

0th e r Applica tio ns  of  Models 

While  this  paper  can  touch  upon  them  only  very  briefly, 
it  is  appropriate  to  mention  some  of  the  other  electromagnetic 
field  problems  for  which  models  either  have  been  or  can  be  used. 

The  author’s  first  extensive  usage  o^  models  was  to  study 
the  response  of  power  transmission  lines  to  lightning.  Figure 
9 shows  how  this  can  be  done.  A distributed  transmission  line 
type  device  representing  the  lightning  leader  was  suspended 
above  the  model  and  charged  from  a voltage  source.  The  elec- 
trical charge  sto’-ed  on  this  "leader"  sets  up  an  electric  field 
that  attracts  charge  of  opposite  polarity  onto  the  line  con- 
ductors. \"/hen  the  switch  is  closed  the  charge  in  the  leader 
flows  into  the  tower  and  sets  un  a magnetic  field  between  the 
tower  and  the  conductors.  Simultaneously  the  charge  on  the 
conductors  is  released.  The  resu''ting  voltages  between  the 
conductors  and  the  tower  can  be  measured  with  the  voltage 
dividing  probe.  The  switch  in  such  a circuit  can  be  a relay 
with  mercury  wetted  contacts,  an  avalanche  transistor  or  a 
pressurized  spark  gap  depending  on  the  operating  voltage.  This 
type  of  circuit  has  bee  used  to  produce  current  pulses  with 
rise  times  on  the  oruer  of  1 ns . 

Models  of  aircraft  can  be  used  to  measure  the  magnetic 
field  distribution  on  the  surface  of  the  aircraft  if  ightning 
current  passes  through  the  aircraft.  A metallic  model  of  the 
aircraft  would  be  built,  suspended  well  away  from  any  metallic 
walls  or  floors  and  current  passed  through  the  aircraft.  The 
magnetic  field  intensity  could  be  measured  directly  with  the  aid 
of  a magnetic  field  probe. 

In  some  cases  tethered  balloons  are  used  to  lift  electronic 
packages  to  high  altitudes.  Ii  they  are  struck  by  lightning 
significant  currents  can  flow  upon  t'.ie  cables  iiiterconnect  ing 
the  various  electronic  packages.  A model  can  be  used  to  find 
out  the  approximate  magnitude  of  these  currents. 

During  the  design  of  t’  e Space  Shuttle  a question  arose  as 
to  the  magnitude  of  the  current  that  would  flow  on  ^he  cables 
of  the  engine  controller  if  the  exhaust  bell  of  the  engine  were 
struck.  A very  simple  model  of  an  engine  was  built  from  sheet 
metal.  Upon  this  were  mounted  metal  boxes  represen" ing  the 
various  parts  of  t ,e  engine  controller.  Current  was  injected 
into  the  model  and  measurements  made  of  how  this  current  dis- 
tributed among  the  various  interconnecting  cables. 

A variation  of  the  model  shown  on  Figure  1 has  neen  u..ed  to 
; Ludy  the  effects  of  the  lightning  diverting  wires  used  on  the 
Skylab  program  and  which  will  be  used  on  the  Shuttle.  With  such 
a model  it  is  very  easy  to  measure  how  much  current  flows  down 
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the  diversion  wires  and  to  measure  how  that  flow  of  current 
reduces  the  magnetic  field  in  and  around  the  launch  complex 
from  what  that  field  would  be  if  the  stroke  were  to  strike 
directly'  upon  the  umbilical  or  access  towers.  This  same  model 
has  been  used  to  measure  the  current  that  would  flow  on  the 
cables  between  the  tail  service  masts  and  the  orbiter.  The 
measurements  have  confirmed  that  the  currents  and  circuit  volt- 
ages should  be  much  less  than  they  would  be  if  an  Apollo  type 
of  umbilical  cable  across  an  umbilical  arm  had  been  used. 

Previous,  though  less  detailed,  models  had,  incidentally,  been 
used  to  illustrate  how  the  magnetic  fields  associated  with 
those  currents  led  to  the  flow  of  current  on  the  umbilical 
cables  and  to  show  how  the  placement  of  those  cables  on  the  arm 
affected  the  current  on  the  cables. 

Summary 

'^iodels  are  probably  most  valuable  for  their  educational 
capabilities.  The\  are  best  used  for  illustrating  the  physical 
phenomena  involved  in  a lightning  interaction  problem  and  for 
scoping  out  the  magnitude  of  the  problem.  They  are  also  very 
useful  as  base  cases  against  which  analytical  tools  may  be 
checked.  They  are  less  valuable  for  parametric  studies  in 
which  one  is  looking  for  an  optimum  combination  of  devices  or 
practices  to  minimize  a particular  transient  problem.  This  is 
particularly  true  if  one  is  working  at  the  limits  of  the  model 
art,  as  one  is  doing  if  the  currents,  voltages,  or  fields  under 
study  are  a small  fraction  of  the  injected  model  lightning 
current  or  of  the  field  produced  by  that  current.  One  is  like- 
v/ise  working  at  the  limit  of  the  model  art  if  the  phenomena 
under  study  are  strongly  influenced  by  the  properties  of  the 
material  from  which  the  model  is  made.  Parametric  studies  are 
best  done  with  the  aid  of  an  analytical  model  developed  after 
consideration  of  the  phenomena  revealed  during  a model  study. 

As  an  oversimplification  one  might  say  that  model  measure- 
ments are  gounded  in  reality,  but  may  have  inconsistencies 
depending  upon  the  skill  of  the  model  maker.  Analytic  calcu- 
lations on  the  other  hand  will  be  consistent  from  one  calcula- 
tion to  the  next,  bu*"  can  be  consistently  wrong  unless  the 
calculator  knows  which  physical  factors  to  emphasize  in  his 
analytic  models. 

In  general,  it  is  easier  to  measure  the  division  of  current 
among  the  conductors  of  a model  than  it  is  to  measure  magnetic 
fields  or  voltages.  Finally  it  might  be  noted  that  current 
division  can  often  be  measured  with  sufficient  accuracy  on  j 

quite  crude  models.  ' 
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TABLE  1 

SCALE  FACTORS  IN  A RELATIVE  GEOMETRICAL  MODEL 


Quantity 

Length 

Time 

Impedance 
Conductivity 
Dielectric  Constant 


Permeabi 1 ity 


Frequency 


Angular  Frequency 

Wavelength 
Phase  Velocity 
Propagation  Constant 
Resistance 
Reactance 
Capaci tance 
Self  Inductance 
Mutual  Inductance 


Scale  Factor  in  Terms 
of  H,  t and  Z 

I 

t 

Z 

_ 1 
“ ll 

t 

^ ll 
t 

^ JIZ 


1 


X = Si 
Vo  = SL/t 
Y = 1/if 
R = Z 
X = Z 
C = t/Z 
L = tZ 
M = tZ 


All  scale  factors  are  of  the  form 


model  dimension 
prototype  dimensi on 


TABLE  2 

SCALE  OR  FACTORS  APPROPRIATE  TO  A MODEL  W IT_H  UNITY  IMPEDANCE  LEVEL 

Impedance  Impedance  = Z = 1 

Dielectric  Constant  = <-  = 1 
Permeability  = p = 1 
Area  = L^  = 1/2500 
Volume  = 1/125000 
Inductance  = tZ  = 1/50 
Capacitance  = t/Z  = 1/50 
Resistance  = Z = 1 
Conductivity  = 1/  eZ  = 50 


I 
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TABLE  3 

PULSE  GENERATOR  - COMPONENTS 


r 

i 

i 

I 


'5-«6 


0.068  yF  - 10  kV 

300  pF,  40  kV  Ceramic 
0.001  uF  - 10  kV 
0.00047  pF  - 10  kV 

Copper  plate  1.5"  x 5"  spaced  0.125" 
from  chassis  by  Lexan  insulator 

Primary  Spark  Gap 

Secondary  Spark  Gap 

Ceramic  Preionizer 

0.56  Meg,  10%,  2w  Carbon 

100  Meg,  2to,  10  kV 

300^2,  10(jj  Wire  Wound,  Non-inductive 

150W,  lOai  Wire  Wound,  Non-inductive 

300fl,  1 Om  Wi re  Wound , Non-inductive 

Approx.  0.5  pH 

TR-180B  (EG&G) 


f 


1 
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Trigger  Input 
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Output 


Figure  4 - Waveshape  of  Current  Pulse 


Figure  5 - Shielding  and  Grounding  Techniques  to 
Minimize  Electrical  Pickup. 
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Figure  7 - Voltages  Produced  on  a Doubly  Shielded  Circuit 

a)  IS  ungrounded 

b)  IS  grounded  only  at  Vehicle  - Point  A 

c)  IS  grounded  only  at  Rase  - Point  R 

d)  TS  grounded  at  both  A fx  R 
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LIGHTNING  PROTECTION  FOR 


LANDLINES  AND  SECONDARY  AC  POWER  LINES 
(LIGHTNING  PROTECTION  FOR  SECONDARY  AC  PC'v’ER  LINES) 


by 

Lewis  Seeker 
Kentron  Hawaii,  Ltd. 
Dallas,  Texas 


Presented  at 


1 


ABSTR.\CT 


Thu  criteria  and  methodology  used  to  determine  requirements  and 
select  devices  to  protect  systems  and  equipments  from  liglitning  trans- 
ients conducted  by  landlines  ;uid  ac  jjower  lines  are  presented.  Tlie 
magnitude,  rise  time  and  duration  of  lightning  tr;insients  and  surges 
expected  are  reviewed.  Typical  equipments  and  systems  are  analyzed 
to  define  their  surge  withstand  capability.  The  characteristics  and 
[irotection  capacity  of  three  types  of  protection  devices  are  summarized 
to  aid  in  selection  for  specific  applications. 
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Kent  roll  has  been  uiuler  contract  since  .lul\'  IPT’B  to  desijtn  liglitninj; 
protection  and  jtroundinjt,  bonding,  and  shielding  modifications  for  I'AA 
facilities.  Many  lAA  facilities  require  liuuilines  to  interconnect  equiiiments 
and  most  all  use  commercial  ac  power.  Designs  for  existing  facilities  are 
nearing  completion;  however,  preparation  of  standards  and  sjieci fi cat  ion 
requirements  for  new  equipments  and  facilities  is  Just  starting.  A primary 
objective  of  this  paper  is  to  encourage  a cooperative  effort  throughout  the 
lightning  iirotection  community  in  the  develojiment  of  lightning  protection 
criteria  and  standards  for  new  ecpiipments  and  facilities. 

1.  Introduction 


Many  types  of  comjionents,  arresters  and  circuits  are  available  for  the 
protection  of  equipments  using  landlines  and  ac  power  lines.  Protection  of 
landlines,  especial !>■  Iniried  landlines,  is  more  readily  accomplished  because 
of  the  magnitude  of  lightning  transients  is  far  less  than  on  directly  ex- 
posed ac  ])ower  lines.  Additionally,  series  resistors  can  usually  be  added 
to  landline  circuits  to  divide  the  transient  energy  between  two  or  more 
suppression  components. 

Protection  criteria  for  landlines  and  ac  power  lines  and  the  transient 
voltage  withstand  levels  for  equipments  are  reviewed.  Tlie  characteristics 
of  three  types  of  [irotection  comiuinents  and  their  apiilication  to  protection 
design  is  then  discussetl. 

J.  Protection  Criteria 


for  protection  of  equijiment  and  circuits  from  lightning-induced  transients 
in  buried  landlines,  the  transient  is  usually  defined  to  have  an  upiier  jicak 
voltage  limit  of  lOUO  volts,  with  a rise  time  of  10  microseconds  and  a half- 
peak decay  time  of  1 millisecond.  .An  upper  jicak  current  limit  of  500  to  1000 
amficres  is  generally  accejited  for  buried  landlines.  However,  all  transient 
parameters  will  vary  greatly  deiiending  on  many  physical  factors  including 
length  and  characteristics  of  the  line,  degree  of  exposure,  effectiveness  of 
any  cable  or  guard  shielding  fif  any),  and  location  (numl)cr  of  thunderstorm  days). 
Adjustments  in  tlie  criteria  are  appropriate  depending  on  t'ne  value  of  equipment 
being  protected  and  necessity  for  uninterrupted  ojieration. 

lor  secondarN'  ac  power  lines,  the  surge  waveshape  useil  most  often  |s 
S by  JO  microseconds  with  a 10  kV  per  microsecond  rate  of  rise.  Definition 
of  current  levels  aiul  frequency  of  occurrence  for  lightning  surges  conducted 
to  the  service  il  i sconnect  i ng  means  is  needed  in  order  to  specify  jirotection. 

Kent  ron  is  in  the  process  of  developing  criteria  for  I'AA  facilities  ani.1  pre- 
liminary results  are  presenteil  in  Pigure  1. 
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l.ii;htni"i;  tairrciit  Levels  on  Seeondary  AC  Power  Lines 
l.T\,Meal  Design  CriterinJ 
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s . Lqui])nient  Withstmul  Voltage  Levels 

I'or  selection  of  protection  com|)onents  and  devices,  tlie  transient 
voltage  withstand  level  of  equipments  and  circuit  com])onents  must  be 
known  or  conservat  i vel>’  estimated.  I-'or  most  equipments  anti  circuit  com- 
ponents, standards  do  not  exist  for  lightning  transient  levels.  Therefore, 
information  available  from  manufacturer;  must  be  obtained,  laboratory  test- 
ing perfoniied  or  conservative  engineei  mg  estimates  used.  Limits  for 
common  types  of  equipments  and  comiionents  arc  provided  for  guidance. 

■ I'ransistors  and  Integrated  Circuits:  d times  normal  voltage. 

Diodes:  1.5  times  their  peak  iruerse  voltage. 

■ Kela\'s  and  indicating  lights:  5 to  10  times  normal  line  voltages. 

■ DC  power  siqiplies  with  steji-down  transformer  and  diode  bridge: 

1.5  times  diode  PIV  rating  times  the  transformer  secondary  to 
[irimary  voltage  ratio. 

Small  motors,  small  transformers  and  light  machinery:  10  times 

normal  operating  voltage. 

Large  motors,  large  transformers  and  heav>  machinery:  20  times 

normal  operating  voltage. 

In  addition  to  the  above,  capacitors  are  many  times  overlooked  and  unless 
their  dielectric  punch-through  voltage  for  transients  is  known,  limiting 
transients  to  1.5  times  tlie  dc  working  voltage  is  recommended. 

1.  Silicon  Avalanche  Supiirossors  (SAS) 

•Silicon  avalanche  suppressors  (large  junction  avalanche  diodes')  are 
av.iil.ilile  in  1 millisecond  peak  iiower  ratings  of  1.5  kilowatts  and  5 
kiliiw.itts  as  shown  in  l•igllre  2.  Many  devices  are  available  with  fixed 
[larameters  that  fall  within  the  voltage  and  current  ranges  given.  Lor 
example,  a typical  1.5  klV  suppressor  will  have  a turn-on  voltage  of  (i.S 
volt-,  and  a peak  pulse  current  rating  of  1 5P  amperes.  In  comparison,  a 
1 . .'i  kW  SAS  which  turns  on  at  200  volts  will  reach  its  maximum  clain|'  voltagi' 
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oi  J"'!  volts  ;it  . r>  amiH'i-i's.  As  (.‘xpoctLsl , t'ur  Jovivos  v»ith  tiio  same  tran- 
sient po'.ver  ratings,  tile  sate  transient  current  level  is  less  for  devices 
with  hij’.her  turn-on  and  clamii  voltages.  SAS  sujipressors within  practically 
the  same  voltage  range  are  .ivailable  with  f>  kilowatts  transient  |)owcr  ratings 
with  corres[umdi  ngl  y higher  current  ratings  as  shown  in  I'igure  J. 

I iv.ure  . Silicone  Avalanche  Suppressors  i'vpical  tdiaracteri  st  i cs 


PAHAME  TEH 

RANGE  OF  AVAILABLE  DEVICES 

1 5 KILOWATT  PEAK  POWER 
FOR  1 MILLISECOND 
(DO  13  PACKAGE  1 

b kilowatt  peak  power 
FOR  1 MILLISECOND 
iDO  21  PACKAGE  1 

BREa^KDOVVIM  (TURN  ON)  VOL  TAGF  AT 
1 MILL  (AMPERE 

6 8 TO  200  VOL  IS 

6 2 TO  200  VOLTS 

MAXIMUM  ClAMPINt;  VOLTAGtS  AT 
PEAK  PUlSt  CURHENT 

10  8 TO  274  VOLTS 

9 6 TO  274  \ OLTS 

PEAK  PULSE  CURRENT 
(10  X 10001  MICROSECONDS 

139  TO  9 9 AMPERES 

b2b  TO  18  AMPERES 

S . Zinc  Oxide  Nonlinear  Resistors  ( Z.\R) 

Zinc  oxide  nonlinear  resistors  are  available  in  a wide  variety  of  leaded 
disc  sizes  appropriate  for  land  lines  and  ac  power  lines.  Those  commonly 
used  for  Landline  protection  are  listed  by  figure  o.  As  with  SAS  devices, 
individual  ZNK's  have  fixed  breakdown  (or  turn-on  voltages)  with  a correspond- 
ing maximiun  clamp  voltage  and  current.  In  comparison  SAS  devices  start  with 
clamp  voltages  in  the  o to  T’  volt  range;  whereas,  the  breakdovui  voltage  for 
ZNR  devices  starts  at  22  volts  as  listed  for  the  10  and  14  mm  disc. 

figure  o.  ZNK^  lypt^  Devices  Lbt-''*‘-i'-‘d  Disc  Typesj  I'vpical 
fharact  e r 1st i cs 
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9 MM  DISC 

7 MM  DISC 

10  MM  DISC 

14  MM  DISC 

20  MM  DISC 

1 DC  BME  AKL)()IA(N  VOL  TACU  AT 
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100  TO  470 

22  TO  noo 

22  TO  1800 

100  TO  1800 

IMtLLlAMPERE 

VOL  TS 

VOLTS 

VOL  TS 

VOLTS 

VOLTS 

1 MAXIMUM  Cl  AMPING  VOL  1 AC, 1 

230  TO  1200 

240  TO  1 100 

90  TO  2700 

80  TO  4400 

240  TO  4400 

AT  MAXIMUM  SURGE  CURRENT 

VOL  TS 

VOLTS 

VOL  TS 

VOL  TS 

VOl  TS 
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2‘>0  AMPE  RES 
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900  TO  1000 
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U-  - - - . 
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Larger  size  ZNU  discs  in  JU,  25  and  52  mm  sizes,  packaged  in  a moldeu 
case  with  terminals  are  available  as  listed  in  Figuij  4.  i’hese  sizes  of 
ZNR  discs  are  used  primarily  for  the  suppression  of  ac  power  line  transients 
as  indicated  by  their  voltage  ratings. 

Figure  4.  ZNR^  IyF>t‘  Devices  {_Moided  Case  lypesj  Typical 
Characteristics 
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Additionally,  still  larger  ZNR  devices  are  available  in  55,  80  and  112  mm 
disc  sizes.  Fypical  characteristics  for  a high  energy  ZNR  arrester  for  ac 
[lower  line  protection,  designe.  with  three  80  mm  discs  in  parallel,  is  given 
in  Figure  5. 

Figure  5.  High  Fnergy  ZNR  Surge  Arrester  Typical  Charactei iSt ics 


SIZb: 


POWER  LINE  VOLTAGE; 


DC  BREAKDOWN  VOLTAGE  AT 
1 MILLIAMPERE 


MAXIVUM  CLAMPING  VOLTAGE 
(10  X ">0  MICROSECONDS) 


THREE  80  MM  DISCS  IN  PARALLEL 


?60V  AC  MAXIMUM 


560  VOLTS 


CURRENT 


CLAMPING  VOLTAGE 


10  kA  1300  VOLTS 

40  kA  1600  VOLTS 

150  kA  2450  VOLTS 
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VOLTAGE 


I- 1 j’.ur'.'s  ('  and  ” i 1 1 m t rat  i- , to  approximate  scale,  the  response  oL  SAS 
and  INK  dt.  vices  and  their  voltaj;e  rise  at  rated  currents.  Since  the  ZN'R 
devices  t.picall'.  have  hipher  current  ratinjjs  than  SAS  devices,  comparison 
ol  S]>ec  1 t'l  cat  i on  data  for  iioth  t\pes  of  devices,  jiart  iculari  !>'  current  ratings, 
IS  necessar>  to  optimize  protection  design.  Response  time  for  ZNR  devices  is 
less  tlian  50  nanoseconds,  wliich  is  adecjuate  for  suppression  of  lightning  tran- 
sients. Response  time  for  S/AS  devices  is  faster,  t>picall>’  a few  nanoseconds. 


I'igiire  (>.  I'vpjcal  Operating  Curve  for  Silico.,  Avalanche  Siipi'ressor 


I igiire  7.  l\|iical  Opi'rating  Curve  for  ZNR  Suppressor 


MAXIMUM  CLAMP  VOLTAGE 
RATED  WITMSTANniNG 


o.  lias -I'i  1 loJ  S[i;ii-k  c;aj>  Uc’vices 

111  addition  to  SAS  and  INK  devices,  i;as-t'illed  miniature  spark  gaps  are 
readilv  available  witli  characteristics  suitable  for  landline  protection 
design.  ligure  S summarites  the  characteristics  of  miniature  spark  gaps, 
fieiierall)'  spark  gaps  for  laiullines  are  rated  at  either  .A  k\  or  10  kA  peak 
current  with  JO  kA  uniis  availabli’.  I’tnsical  sice  increases  with  current 
rating  and  when  space  is  available,  the  10  kA  sice  would  be  perferred  for 
longer  life  over  the  .S  kA  devices.  The  transient  firing  fimpiilse  sparkover) 
voltage  of  small  sjiark  gaps  typical  1>’  start  at  J’’5  volts  for  100  volts  per 
microsecond  rate  of  rise.  When  the  impulse  sparkover  voltage  is  exceeded, 
the  spark  gap  will  transition  to  a glow  mode  and  then  to  the  arc  mode,  conduct 
current  and  drop  tlie  transient  and  line  voltage  to  tlie  gap's  cliaracteri  st  ic 
arc  voltage.  The  arc  voltages  of  miniature  spark  gaps  are  typically  in  the 
raiigi'  of  IS  to  SO  volts.  If  the  normal  line  voltage  exceeds  the  gap's  arc 
voltage,  and  tlie  line  can  supply  sufficient  current,  the  gap  will  not  extin- 
guish. When  tliis  posibility  exists,  a resistor  can  be  placed  in  the  line  or 
in  series  witli  the  gap  to  insure  extinguishing.  liuring  design,  attention 
must  be  given  to  the  dc  sparkover  rating  of  spark  gajis.  Since  the  spark  gap 
will  operate  at  dc  and  low  frequencies,  tlie  maximum  signal  or  oper.iting  voltage 
on  the  line  must  be  less  than  the  dc  sparkover  voltage. 

Spark  gap  arresters  for  secondary  ac  power  protection  function  iden- 
tically to  miniature  spark  gap  arresters  discussed  for  landlines  with  one 
basic  exceiuion.  A resistive  element  is  normally  installed  in  series  with 
the  arrester  to  limit  power  line  follow  current  and  aid  in  extinguishing. 

With  high  surge  currents  the  resistance  will  create  relatively  high  discharge 
voltages.  IVfUcal  characteristics  for  a secondare  ac  power  arrester  are  given 
by  figure  9.  Hie  impulse  sparkover  voltage  of  1100  volts  is  fairl>  repre- 
sentative for  this  class  of  arresters.  Similarly  a one-time  surge  rating 
at  l.AO  kiloamperes  and  JfiOO  surges  at  1('  kiloamperes  is  typical.  The  variation 
in  discliarge  voltage  is  illustrated  in  I'igure  10  for  surge  current  disrliarges 
o I'  10,  iO  and  1,S()  kiloamperes. 


I igure  X.  (las-filled  Miniatui'e  Spark  (ia(is  T\[)ical  Character  i st  i cs 


PAHAMf  tf  K 

RANGE  OF  AVAILABLE  DEVICES 

DC  SPAOKOVER  VOL  TAGE 

90  TO  1000  VOLTS 

IMPULSE  SPARKOVER  VOl  TAGE 
100  VOL  rs  MICROSECOND 
RATE  Of  RISE 

?7f  TO  7000  VOL  TS 

MAXIMUM  CURRENT  CAPACIT  Y 
IH  RY  ?0  MICROS!  CONDI 

2K  TO  10K  AMPl  Rf  S 

LIFE  (TYPICAL  FUR  SPARK  GAP 
WITH  !)  kA  RATING) 

SO  OPE  RATIONS  AT  ‘>00  AMPl  RE  S 
10  BY  1000  MICROSl  COND  WAV!  1 ORM 

i 

-150- 


VOLTAGE  (\/) 


I'igure 


Gas-Ill  led  Spark  Gap  Arrester  [With  Series  Nonlinear  Resistorj 


PAKAMt  U H 

TYPICAL  RATING 

tMPULSt  SPAUKOVtH  VOLTAGfe  MAMtit 

1 400  VOLTS  PL  AK 

1 

10  KV  MICHUSLCONU  RAIt  Of  MSE 

1 

DISCHAMC.E  VOL  TA(U 

CONOUC  r E t) 

niSCHAHGt  1 

1 10  UY  ?Q  MICMOStCOfSJO  WAVE  FOHMi 

CUHRE  N T 

VOLIAGl  1 

1 

10  kA 

1400  VOL  TS 

40  kA 

3000  VOL  TS 

ISO  kA 

SE>00  VOL  TS 

MAXIMUM  CUMRE  M OISCHAHOE 

ISO  000  AMPERES  10  BY  20  MICROSE  COND  WAVE  FORM  I 

CAPAEilLirv 

ONI  TIMI 

I 

UH 

2.S00  SURGES  AT  10  000  AMPt  RF  S.  10  BY  20  MICROSECOND  I 

WAVE  FORM 

J 

igure  10.  lypicul  Operating  Gurve  for  Gas-l'illed  Spark  Gap  Arrester 
with  Nonlinear  Series  Resistor 
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7 . Landline  Protection  Design. 


iwo  tyj)ical  landline  protection  circuits  are  illustrated  in  ligure  11. 
These  circuits  illustrate  t)ie  comj)onents  previously  discussed  plus  a series 
resistor  in  ttie  line.  The  SAS  is  selected  to  limit  the  transient  voltage 
level  to  helow  the  damage  level  of  tlie  circuit  being  protected.  Tlie  SAS's 
fast  response  time  and  long  term  reliable  o|)eration  is  used  to  dissipate 
all  small  surges  and  the  initial  crest  of  all  higher  surges.  Higher  energy 
surges  will  develop  sufficient  voltage  across  the  series  resistor  to  fire 
the  spark  gap  whiclt  conducts  the  remaining  transient  current  to  ground. 

I'he  ZNR  is  an  alternate  device  to  use  in  place  of  the  spark  gap  and 
particularly  serves  an  advantage  when  only  a low  resistance  can  be  used 
in  series  with  the  line.  Z.NR's  can  be  selected  with  lower  turn-on  and 
clamp  voltages,  in  comparison  with  the  impulse  sparkover  voltages  of  gaps. 
Thus,  a smaller  resistor  can  be  used  to  limit  the  current  through  the  SAS. 

The  circuits  illustrated  are  presented  as  typical.  Many  variations 
and  alternatives  exist.  If  the  value  of  the  equipment  is  relatively  low 
and  continuous  operation  is  not  essential,  a single  supiiression  component 
may  be  selected.  On  tlie  other  extreme,  landlines  with  significant  exposure, 
costly  equipment,  and  essential  continuous  ojieration,  may  justify  a five 
element  suppression  circuit,  such  as  an  S.AS  to  case  ground  across  the  pro- 
tected circuit,  a series  resistor  (or  inductor),  a higher  voltage  Z.N'R  to 
case  ground,  another  series  R or  I.,  and  then  a still  liigher  voltage  ZNR 
or  sjiark  gap  directly  to  earth  ground.  By  the  selection  of  suppression 
turn-on  and  clanq)  voltages  and  resistors  or  inductors,  extremely  liigh  tran- 
sient energy  can  be  distributed  and  dissipated. 


Tigure  11.  Control  and  Signal  Landlines  Topical  I’rotect  ion  c:ricuit 
Conf i gurat i ons 
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8.  Laruiline  1’roti.  ct  ion  for  New  iu{iiipmerits 


I’rotfction  for  equipment  circuits  requiring  laiullines  is  best  and  most 
economically  implemented  when  eciuipments  are  designed.  After  the  fact  mod- 
ifications for  equivalent  protection  will  invariabl)'  cost  10  to  100  times 
more  for  proper  installation,  documentation  and  drawing  changes. 

Typical  landline  protection  for  new  equipment  design  is  illustrated  in 
ligure  12.  The  preferred  location  for  the  first  suppressor  is  directly  from 
line  to  equipment  case.  The  scries  resistor  for  inductor)  is  specified  with- 
in and  as  part  of  tiie  equipment  to  be  certain  the  equipment  designer  accounts 
for  the  line  voltage  or  signal  drop.  The  ZNR  or  spark  gap,  suppressing  the 
higher  voltages,  is  located  at  the  facility  landline  junction  box  to  limit 
transient  energy  within  the  facility.  I’roviding  a short  dirCv,t  connection  to 
the  earth  electrode  system  is  necessary  for  the  higher  energy  suppressor  at 
the  landline  junction  box.  This  is  particularly  important  for  all  spark  gap 
devices  to  keep  tlie  discharge  current  surge  off  equipment  ground  networks. 
Landlines  should  be  routed  separately  from  low  level  analog  and  digital  signals 
within  the  facil.ty.  linall>’,  to  avoid  a split  in  responsibility  between 
equipment  design  and  facility  design  for  the  protection  circuit  components, 
the  equipment  designer  should  specify  the  suppressor  for  installation  at  the 
junction  box. 


I'igure  12.  control  and  Signal  l.andline  I’rotection 

I’rotection  Component  Location  [New  l.quipment  Design) 


EQUIPMENT  LINE  SERIES 
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5>.  Ac:  1‘owor  I'rotc'ct  ion  Dcsij^ii 

I’rotejtiou  of  oquipments  from  lightning;  surges  on  [lower  lines  requires 
arresters  and  protection  devices  that  conduct  or  dissipate  higli  levels  of 
surge  energy  and  current  in  com[)arison  with  the  relative  low  level  transients 
exjiected  on  buried  landlines.  Secondar)’  [lower  lines  to  facilities  are 
usuall)  directly  ex[iosed  to  lightning  and  are  larger  (greater  am[iacity)  than 
most  landlines.  Protection  design  for  ac  [lower  lines  is  further  liandi  ca[i[ied 
because  the  addition  of  series  resistors  in  the  line  to  divide  the  surge 
energy  between  several  devices  is  essentially  [irohibited  by  the  drop  in  voltage 
that  would  be  incurred. 

Protection  design,  however,  can  take  advantage  of  the  division  and  dis- 
sipation of  surge  energy  provided  by  feeders  and  branch  circuits  within  the 
facility.  Division  of  surge  energy  at  the  service  entrance  will  depend  on  the 
number  and  im[iedance  of  feeder  and  branch  circuits.  Dissi[iation  of  surges 
within  tlie  facility  to  lui  equipment  item  will  occur  depending  upon  the  resis- 
tance, inductance,  and  distributed  ca[iacitance  of  feeders,  branch  circuits,  and 
[lower  line  coin[ionents  such  as  breakers.  Consideration  of  these  factors  explains 
the  extensive  damage  which  occurs  frequently  to  ei[uipment  housed  in  small  facil- 
ities or  shelters  in  comparison  with  the  relative  infrequent  damage  to  equipment 
in  large  facilities.  further  analysis  shows  that  heavy  equi[iment  such  as  air 
conditioning  motors,  normall)'  installed  close  to  the  service  entrance  in  large 
facilities  will  shunt  an  appreciable  [lercentage  of  the  surge  energy  conducted 
into  the  facility  by  the  secondary  ac  [lower  lines;  therein’,  providing  a level 
of  protection  for  sensitive  electronic  ci(ui]iments  which  are  normally  further 
removed  from  the  service  entrance. 

In  effect,  a [laradox  exists.  Customarily,  large  facilities  receive  better 
and  more  costly  [irotection  for  ac  [lower  lines  in  com|iarison  with  small  facilities. 
Cenerally,  et[ual  or  better  protection  is  needed  at  small  facilities  or  shelters 
particularly  those  housing  electronic  e((uipment. 

During  [irotection  design  the  above  factors  need  to  be  considered,  as  well 
as  the  tr;uisient  levels  ex[iected  at  the  service  entrance  and  tlie  susce[it  i bi  1 1 1 y 
or  voltagi.’  withstand  characteristics  of  facility  ei|ui[iment.  As  a minimum,  a 
secondary  ac  power  arrester  is  needed  at  the  service  ili sconnect ing  means  to 
dissi[iate  high  surge  levels  and  [irotect  eipiipment  and  [lersonnel.  I-'or  eqiii[iments 
with  relatively  low  withstiuid  voltage  levels,  additional  [irotection  devices 
may  be  needed  at  the  equi[iment  enclosure  level.  Ver>'  substantial  [irotection 
can  be  [irovided  by  the  further  addition  of  [irotection  devices  to  the  feeder  or 
branch  circuits  at  the  room  level  for  electronic  systems.  Normally  onI>  induc- 
tors with  minimum  DCR  ratings  can  be  addetl  to  ac  [lower  lines.  Thus,  the 
transient  voltage  dro[i  due  to  the  [lower  feeders,  breakers  and  branch  circuits 
must  be  closely  a[iproximated  to  select  the  tunion  and  clam[iing  levels  of  [iro- 
tection devices  at  the  equi[iment  level  and  room  or  s[iace  level. 

Similar  to  land  lines,  [irotection  against  transients  on  [lower  lines  is  best 
im[ilemented  during  original  equi|iment  and  facility  tlesign.  l'y[iical  [irotection 
for  electronic  equi[iment  is  illustrated  in  figure  IS,  with  [irotection  devices 
at  the  service  disconnecting  means  and  at  the  equi[iment  level.  The  [irotection 
illustrated  at  the  ei|iii[iment  level  can  be  im[iroved  by  the  addition  of  .i  second 
su[i[iressor  from  line  to  equi[iment  case  ground  to  form  a [li  network.  Identical 
[irotection  networks  or  devices  are  necessary  for  both  [ihase  and  neutral  con- 
ductors exce[it  at  the  service  disconnecting  means  where  the  neutral  is  grouiuled. 
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lijjurc'  13.  Sccunda  rv  Al'  1’uui.r  I'rot  i.'Ct  iuii  (,.\c'W  l.t|ui  pmcn  t and  I ac  i 1 i t i fsj 
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AC  POWER 
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POWER  DISTRIBUTION 
(WITHIN  FACIL  ITYI 


ARRESTER 
(LOCATED  AT 
FACILITY 
SERVICE 


DISCONNECTING 

■ 

LOCATED  AT 

POWER  ENTRANCE 

EARTH 

GROUND 


TO  EQUIPMENT 


CASE 

GROUND 


PROTECTED 

EQUIPMENT 


T'he  comhination  of  rf  interference  requirements  with  power  line  lightning 
protection  design  for  new' equi pment s is  feasible  and  recommended.  Most  equip- 
ment designs  ff’T  compliance  with  interference  standards  and  test  limits  will 
include  a power  line  filter.  As  a mininumi,  interference  filters  will  usuall> 
have  an  inductor  in  the  line  with  two  ca|iacitors  to  case  ground  in  a |ii 
configurat ion.  Interference  filters  are  designed  to  attenuate  transients, 
hut  generally,  the  cai'acitors  will  he  limited  in  comparison  witli  tlie  current 
and  power  rating  of  lightning  siipjiressors . The  specification  of  a combination 
rf  interference  filter  and  lightning  suppressor  for  new  equipment  design  will 
potentially  serve  to  cover  both  requirements  with  minimum  costs. 
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PROTECTING  FACILITIES  INDUCED  LIGHTNING  AND 


POWER  LINE  SWITCHING  TRANSIENTS  3Y  A TOTALLY  SOLID-STATE  DEVICE 
(PROTECTION  OF  COMPONENTS,  CIRCUITS  AND  SYSTEMS) 


by 

Richard  Odenberq 
Transtector  Systems 
Monterey  Park,  California 


ABSTRACT 


For  the  pp~t  20  years  a sing?  component  was  used  for  protection  of  the  A.C. 
power  line  from  induced  lightning. 

With  complete  change  over  to  S'.  .-state  equipment;  i.e.  rad  , telecom- 
munication, computers  and  electronic  controls,  the  requirement  for  a far  better 
protector  is  needed  now.  It  is  needed  not  only  for  lightning,  but  from  the  more 
dangerous  hazard  of  power  line  switching  transient  which  occur  from  day  to  day. 

This  paper  discusses  the  five  most  important  technical  factors  when  selecting 
protection  for  your  facility'  against  these  two  hazards.  Additional  consideration  is 
made  as  to  whether  the  protector  is  protecting  only  equipment  or  is  it  protectinsr 
human  life  ? 

A detailed  description  of  an  A.C.  Voltage  Suppressor  that  appears  to  be  the 
Absolute  Transient  Suppressor  for  facilities.  Totally  a silicon  solid-state  device, 
it  functions  like  a bipolar  zener  clamping  the  voltage,  (120  vac  line)  at  400V  peak, 
while  dissipating  2500  joules  (1  .x  1000  microsecond).  It's  response  time  is  less 
than  50  nanoseconds. 

Included  will  be  details  of  Installations,  Specifications  and  results  at  FAA 
sites  installed  in  1971,  Satellite  tracking  station  installed  in  1974,  and  an  ADC 
site  installed  in  1975. 
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TR/\NSIKNT  PROBLEMS  - WORLD  WIDE 


"Tfie  transient  voltage"  is  probably  the  least  understood  element  of  electrical 
energy  because  there  is  very  little  data  available  on  the  subject.  In  simple  terms, 
transients  are  short  term  overvoltages  produced  on  the  electrical  line,  by  a number 
of  extraneous  causes  which  result  in  a momentary  rise  of  the  voltage  above  some 
predescribed  threshold  level.  Wfiile  transients  have  certainly  been  a phenomenon 
since  the  discovery  of  electrical  energy,  they  have  not  always  bejn  a recognized 
problem.  Until  now,  transients  were  probably  not  a serious  causative  factor  in 
damage  or  down  time  to  elect '’ical  equipment. 

RE.'^SONS  FOR  IMPROVED  PROTECT  lO.N 

With  the  introduction  of  solid-state  semiconductors  and  integrated  circuits,  there 
has  developed  a serious  need  for  solid-state  transient  voltage  suppression  equip- 
ment, which  reacts  fast  enough  to  protect  very  sensitive  electrical/electronic  equip- 
ment, against  minute  levels  of  "unexpected"  energy.  Previously,  AC  Voltage  Regulators, 
Gas  Discharge  Tubes  or  Spark  Gaps,  have  been  sufficient  to  protect  most  vacuum  tube 
equipment  from  transients;  however,  the  solid-state  components  are  more  susceptable 
to  very  short  duration  bursts  of  energy,  and  therefore  require  a special  type  of 
protection.  It  is  for  this  reason  that  there  is  an  increasing  need  in  solid-state 
transient  protection  equipment,  and  over  the  next  decade,  this  will  become  the  number 
one  topic  of  discussion  among  those  involved  with  electrical  energy. 

There  are  three  (3)  specific  reasons  for  the  change  in  voltage  suppression  require- 
ments; (1)  The  increased  effect  of  induced  lightning  on  solid-state  components 
(also  enhanced  by  a changing  world  weather  pattern).  (2)  More  and  more  sophistication 
in  semiconductor  technology,  simply  smaller  and  smaller  devices.  (3)  The  very 
monumental  effect  of  switching  transients/surges  caused  by  a degenerating  supply  of 
commercial  power.  As  the  demand  upon  power  companies  increases,  at  a geometric  rate, 
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the  ability  to  produce  power  does  not  increase  at  the  same  rate.  Therefore  loads 
are  constantly  being  switched  froni  one  line  to  another,  causing  "surges"  (which 
in  turn,  cause  high  speed,  short  duration  transients  to  proceed  down  the  power 
line).  As  little  as  1 nanojoule  (1  X 10"^)  of  energy  applied  to  the  semiconductor 
can  cause  a shut  down  of  operations.  Figure  1 shows  how  little  energy  can  either 
upset  or  destroy  a transistor,  I.C.  or  semiconductor.  This  data  was  developed 
for  transients  in  the  microsecond  region.  Just  think,  if  they  were  1 millisecond 
long  (a  thousand  greater)  what  damage  they  might  do.  Figures  2 and  3,  show  what 
can  happen  when  the  transient  or  surge  hits  the  semiconductor.  By  definition,  a 
transient  is  less  than  8.3ms  and  a voltage  surge  is  greater  than  8.3ms.  Transients 
are  also  related  to  high  impedance  sources  and  can  range  from  a few  millivolts  to 
20K  volts.  Voltage  Surges  are  produced  from  low  impedance  sources.  In  general  the 
maximum  voltage  seen  is  2 to  3 times  the  nominal  operating  voltage.  The  failure  of 
the  power  diodes  in  Figure  2 was  due  to  a voltage  surge.  The  failure  in  Figure  3 
was  due  to  a transient. 

After  many  years  of  testing  and  field  evaluation  of  different  devices,  i.e.  Gas  Tube 
and  Metal  Oxide  Varistors,  it  was  found  that  the  systems  approach  was  the  only  way 
to  meet  all  the  technical  requirements  for  protecting  solid-state  equipment.  These 
facts  came  out  when  in  many  applications,  hospital,  air  traffic  control  and  emergency 
disaster  conditions,  meant  human  lives  were  at  stake.  The  FAA  saw  this  problem  in 
the  late  '60s,  and  moved  to  put  in  solid-state  surge  protection  then.  In  addition, 
in  the  early  '70s  , UPS  Systems  were  put  in  also.  In  applications  where  human  life 
is  a consideration,  one  must  consider  technically  nothing  less  than  absolute  transient 
suppression.  Where  equipment  damage  only,  is  the  consideration,  then  the  cost  factors 
must  be  considered  as  a trade-off  to  the  other  economics  such  as  maintenance  of  equip- 
ment and  down  time. 
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A voltage  detector  on  480  V.AC 
detected  a 2100  volt  surge, 
causing  these  power  diodes  to 
short  and  then  explode. 


. € 
V 


HIGH  VOLTAGE  TRANSIENTS 
CAUSED  THIS  EMITTER  - BASE 
•*-  SHORT,  ENLARGED  600  TIMES 
WHICH  LATER  CAUSED  FAILURE 
OF  SEVERAL  POWER  TRANSISTORS 


Figure  3 


FIVE  MAJOR  CONSIDER.4TIONS  IN  PROTECTING  FACILITIES  AGAINST  HIGH  ENERGY  AND  HIGH 


SPEED  ABNORMAL  VOLTAGES. 

I)  Response  Time  - High  speed  - low  nanoseconds.  This  is  important  because  of  the 
high  speed  rise  time  of  the  induced  transients  or  surges. 

Lightning 600V  to  lOOOV/Microsec  . 

Power  Line  Surges...  lOOV  to  300V/Microsec . 

! 

EMI'  (Electromagnetic  Pulse)....  5KV/Nanosec.  | 

1 

21  Suppression  (Power)  Capability  - 100,000  to  1,500,000  watts  and  capability  of 
suppressing  15,000  to  50,000  ;imps,  induced  on  the  AC  service  line.  Experience 
and  test  measurements  show  these  energies  do  exist  on  the  power  line. 

) 

.3)  Voltage  Suppression  S Clamping  Ratio  - Low  threshold  and  less  than  1:1.5  clamping 
ratio.  The  device  is  to  turn  on,  and  start  suppressing  at  120  percent  of  nominal 
line,  and  at  maximum  power  not  to  exceed  150  percent  of  nominal  line,  a clamping 
ratio  of  1:1.5.  If  a protestor  does  not  begin  to  suppress  at  low  voltage  threshold 
it  will  allow  the  low  level  surges  through  to  damage  equipment. 

4)  High  Reliability  - The  device  should  be  totally  solid-state,  with  redundant  cir- 
cuitry and  be  failsafe. 

5)  Operation  - Automatic  or  Resetable.  If  the  nature  of  a system  precludes  an  inter- 
ruption in  service  (that  is,  if  one  cannot  afford  to  be  shut  down)  an  automatic  ? 

device  is  required.  J 

These  basic  principles  were  considered  in  the  design  of  Transtectors ' Model  ACPlOOO  f 

and  ACP10,000  A.C.  Voltage  Surge  Suppressors.  f 
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DESCRIPTION  OF  ACPIO.OOO  S 1000  VOLTAGE  SURGE  SUPPRESSORS 


GENER^XL 

The  AC  Voltage  Surge  Suppressors  are  high-speed,  high  current,  solid-state  devices 
designed  to  protect  solid-state  electronic  equipment  and  systems  from  transient 
overvoltages.  They  perform  their  function  by  limiting  the  magnitude  of  the  transient 
overvoltage  present  on  the  AC  power  lines  at  a specific  peak  threshold  voltage. 

Such  transient  voltages  occur  due  to  the  fuse  clearing,  phase  switching,  between 
power  sources;  equipment  start-ups  or  shut-downs,  switching  loads  and  induced 
lightning.  The  ACP  series  are  designed  specifically  to  operate  on  either  single, 
two  or  tJiree  phase  Delta  or  Wye  services. 

OPERATION 

The  suppressors  operate  when  the  i nstantaneoios  voltage  rises  above  120  percent  of 
the  nominal  peak  voltage.  The  power  dissipated  in  the  suppressor  is  a function  of  the 
energy  in  the  transient  only.  The  suppressor  does  not  handle  available  fault  current 
of  the  power  line,  as  do  crowbar  type  circuit  protectors,  when  dissipating  the  transient 
energy.  The  ambient  temperature  of  the  suppressor  rises  as  do  the  suppressor  voltage 
level.  When  the  line  voltage  is  below  120  percent,  the  device  draws  a maximum  power  of 
1 watt  per  phase.  The  elements  employed  are  100  percent  solid-state,  using  redundent 
techniques  and  component  ratings  and  construction,  to  assure  good  reliability. 

FUNCTIONAL 

When  a transient  overvoltage  is  sensed  at  the  suppression  voltage  level  (on  any  or 
all  phases)  tne  suppressor  on  that  phase,  conducts  in  approximately  5 nanoseconds, 
attenuating  the  transient  voltage  and  dissipating  its  energy.  It  continues  to  suppress 
until  the  voltage  drops  below  the  clamping  level.  When  the  transient  voltage  is  no 
longer  on  the  line  or  is  below  the  clamping  voltage,  the  suppressor  automatically 
recovers,  ready  for  the  next  transient.  The  suppressor  is  bi-polar,  suppressing 
transients  either  on  the  positive  or  negative  side  of  the  sine  wave.  It  is  also  bi- 
directional and  will  suppress  transient  voltages  generated  by  the  load  as  well  as  the 
source. 
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NECHANICAL 


ITie  controls  and  power  electronics  are  located  in  a N'ema  12,  Free  Standing  Enclosure, 

6'  X 3'  X 1-1/2'.  The  unit  weighs  approximately  500  pounds.  [Figures  4 and  5.) 
ELECTRICAL 

All  functional  devices  are  silicon  solid-state.  No  'lOV  (Metal  Oxide  Varistors)  or 
Ca.s  Discharge  Tubes  are  used  in  the  circuits,  due  to  their  short  life  expectancy 
and  lack  of  adequate  protection  for  solid-state  electronic  equipment.  In  order  to 
suppress  such  large  currents  in  the  nanosecond  to  microsecond  region,  there  are 
several  stages  of  suppression  in  the  ACP10,000.  The  first  stage  has  the  capability 
of  suppressing  at  150,000  watts  per  phase  before  the  second  stage  comes  on  auto- 
matically and  suppresses  up  to  the  maximum  rating  of  1.5  megawatts  (1  x 1000  microsec). 
Maximum  voltage  rise  on  the  120VAC  unit  is  400  volts  peak  at  1.5  megawatts.  It  is 
very  important  to  realize  that  this  device  does  not  short  or  distort  the  AC  line, 
it  strictly  clips  the  transient  "off",  and  then  automatically  resets  upon  removal  of 
the  transient.  (Summary  Spec.  Figure  6.) 

The  dynamic  impedance  for  the  suppressor,  when  no  transients  are  suppressed,  will 
be  in  the  hundreds  of  thousands  of  ohms,  but  when  a major  surge  occurs,  it  could  be 
as  low  as  .1  ohms,  which  gives  you  a substantial  suppression  capability  of  the  power 
line. 

The  ACP10,000  has  additional  features  which  are;  1)  Transient  Simulate  Test  - this 
test  triggers  the  suppressor  by  pressing  a test  simulate  button  which  gates  on  the 
circuitry  (note:  it  does  not  disturb  the  line  at  all)  and  if  the  suppressor  triggers, 

it  turns  on  lights  on  the  front  panel.  The  suppressor  is  then  reset  by  pressing  the 
"reset"  button.  This  test  proceedure  is  done  on  a regular  basis  at  the  site,  to 
verify  the  unit  is  still  functioning  properly.  2)  Digital  Transient  Counter  - the 


r 
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SPECIFICATION:  ACP 10 . 000-1 20W 


1 . 0 GENERAL: 

1.1  Voltage  120/208  VAC 

1.2  Frequency  50/60  or  400  Hz 

1.3  Phases  30  Wye 

1.4  Max.  Number  of  (150/\mp)  Branch  Circuits  Protected...  6 

2.0  Suppression  V'oltage  Level  200  Volts  Peak 

3.0  Maximum  Suppression  Voltage  Level 400  Volts  Peak 

4.0  Peak  Power  Dissipation  (1ms)  1.5  Meg  Watt 

5.0  Response  Time  - 1st  Stage  5 Nanosec.  Max. 

2nd  Stage  10  Microsec  Max. 

6.0  Maximum  Energy  Dissipation  2500  .Joules 

7.0  Standby  Power  7.5  Watts  Max. 

8.0  Duty  Cycle  01% 

9.0  Operating  Temperature  0°C  to  +50°C 

10.0  Storage  Temperature  -20°C  to  +85°C 

11.0  Mechanical  Details  - Weather  Proof  Dwg  629  RECC 

Figure  6 
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counter  is  mounted  in  the  front  door  of  the  enclosure  for  ease  of  reading  and 


safety,  ^it  counts  the  number  of  surges  the  protector  suppresses,  if  the  surges 
are  500  nanoseconds  or  greater.  Tliis  means  that  the  counter  does  not  count  all 
the  transients  suppressed.  (i.e.  The  ACPIO.OOO  responds  in  the  5 nanosecond 

region.)  The  counter  must  also  detect  a minimum  of  1000  nanojoules  of  energy 

% 

before  it  will  count. 

ACPIOOO  - [Manufactured  for  120,  240  or  480  VAC  Service) 


MECHANICAL 


The  controls  and  power  electronics  are  located  in  a Nema  12  enclosure,  20"  x 16" 

X 6".  It  weighs  approximately  45  lbs.  (Figures  7 and  8.) 

ELECTRICAL 

The  unit  functions  basically  like  the  ACP10,000,  except  it  has  the  power  capability 
of  105,000  watts  total  (1  X 1000  microsecond  pulse)  35,000  watts  per  phase.  This  is 
equivalent  to  suppressing  a 8 X 20  microsecond  lightning  induced  strike  of  25,000 
amps.  This  device  has  the  same  response  time  as  the  ACPI 0,000  of  5 nanoseconds.  See 
Summary  Spec.  (Figures  9 thru  13).  Electrical  installation  is  shown  in  Figure  14. 


TESTS  OF  THE  ACPIOOO  SURGE  SUPPRESSOR 


Tests  were  performed  by  a governmental  testing  laboratory  to  verify  the  functional 
parameter  of  the  ACP1000-120W  (120/208  3 S 4W  unit).  Figure  15  shows  the  test  setup. 
Note  that  the  wire  lenghts  to  the  measuring  instrument  was  approximately  42".  The 
results  are  not  as  good  as  if  measured  at  the  ACPIOOO  tenninal . Figure  16  is  the 
plot  of  data  (Figure  17).  This  shows  lead  lenghts  are  very  important  to  fast  response 
and  low  clamping  level.  Figure  18  shows  oscillograph  of  the  35  joule  transient  un- 
suppressed, and  then  suppressed. 

In  conclusion,  this  protector  can  suppress  35  joules  of  energy  (delivered  in  30  micro- 
sec) with  a clamping  ratio  of  1.5:1. 
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lOOG 


Fij’ure  7 


SPECIFICATION;  ACPlOOO-120 


1.0  GENERAL:  , 

1.1  Voltage 1?0  VAC 

1.2  Frequency 5O/6O  or  kOO  Hz 

1.3  Phases 10,  20  or  30 

(See  P/N) 

l.h  Electrical  Service 

Part  Number  (p/n)  Suppressor  Connection  Service 


ACP1000-120D  Line  to  Line  30  3 Wire  DEI-TA 

ACP1000-120W  Line  to  Neutral  30  ^ Wire  WYE 

ACP1000-120S  Line  to  Neutral  10  2 Wire 

ACP1000-120T  Line  to  Neutral  20  3 Wire 

2.0  Suppression  Voltage  Level 20C  Volts  PeaE 

3.0  Maximum  Suppression  Voltage  Level 3OO  Volts  Peak 

4.0  Peak  Power  Dissipation  (ims) 35>000  Wacts/pnase 

105,000  Watts  Total/ 
for  3 phases 

5.0  Response  Time 5 Nanosec.  Max. 

6.0  Standby  Power 10  Watts  Max. /Phase 

7.0  Duty  Cycle Ol^fc 

8.0  Operating  Temperature 0°C  to  +50°C 

9.0  Storage  Temperature -20°C  to  +85°C 

10.0  Mechanical  Details SK1872  Dwg. 

20,  30,  Suppressor 20"H  x l6"W  x 6"D 

10  Suppressor l6"H  x 12"W  x 6"D 

11.0  Electrical  Installation Dwg.  IO9I 


Figure  9 
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SPECIFICATION:  ACPIOOO-PUO 


1.0  GrJiERA-X: 

1.1  Voltage 2U0  VAC 

1.2  Frequency 50/60  or  400  Hz 

1.3  Phases 10,  or  30 

(See  P/n) 

1.4  Electrical  Service: 

Part  Number  (p/n)  Suppressor  Connection  Service 

ACP1000-240D  Line  to  Line  30>  3 Wire  DELTA 

ACP1000-240W  Line  to  Neutral  30>  ^ Wire  VvYE 

ACP1000-240S  Line  to  Neutral  10,  2 Wire 

2.0  Suppression  Voltage  Level 400  Volts  Peak 

3.0  Maximum  Suppression  Voltage  Level 600  Volts  Peak 

4.0  Peak  Power  Dissipation  (ims) 35,000  Watts/Phase 

105,000  Watts  Total/ 
for  3 phases 

5.0  Response  Time 5 Nanosec.  Max. 

6.0  Standby  Power 10  Watts  Max. /Phase 

7.0  Duty  Cycle 0X1^ 

8.0  Operating  Temperature 0°C  to  +50°C 

9.0  Storage  Temperature -20°C  to  +85°C 

10.0  Mechanical  Details Dwg.  SI0.872 

30  Suppressor 20"H  x l6"W  x 6"D 

10  Suppressor l6"H  x 12 "W  x 6"D 

11.0  Electrical  Installation Dwg.  1091 

Figure  10 
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SPECIFICATION;  ACPlOOO-480 


1.0  GENERAL: 

1.1  Voltage U80  VAC 

1.2  Frequency 50/60  or  400  Hz 

1.3  Phases 10,  or  30 

(See  P/n) 

1.4  Electrical  Service: 

Part  Number  (P/N)  Suppressor  Connection  Service 

ACP1000-460D  Line  to  Line  30  3 Wire  DEI.TA 

ACP1000-480W  Line  to  Neutral  30  4 Wire  WYE 

ACP1000-480S  Line  to  Neutral  ]0  2 Wire 

2.0  Suppression  Voltage  Level 80O  Volts  Peek 

3.0  Maximum  Suppression  Voltage  Level 1000  Volts  Peak 

4.0  Peak  Power  Dissipation  (ims) 35^000  Watts/Phase 

105,000  Watts  Total/ 
for  3 phases 

5.0  Response  Time 5 Nanosec.  Max. 

6.0  Standby  Power 10  Watts  Max. /Phase 

7.0  Duty  Cycle 01^ 

8.0  Operating  Temperature 0°C  to  +50°C 

9.0  Storage  Temperature -20°C  to  +65°C 

10.0  Mechanical  Details Dwg.  SKI872 

11.0  Electriceil  Installation Dwg.  109I 


Figure  li 
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Clamping  Voltage  Levels  of  TranstecLor  Systems,  Model  Ape- 1000- 120W  Suppressor 
Pulses  of  30  Microseconds  Duration  Applied  at  0 and  90  Electrical  Degrees. 


0 Degrees 


90  Degrees 


APPLIED 

PULSE 

CLAMPING  LEVEL 

PEAK  VOLT 
AMPLITUDE 

0A 

03 

0C 

. 

200 

200 

200 

200 

300 

o 

t 

225 

220 

400 

260 

240 

245 

500 

270 

260 

260 

000 

280 

270 

265 

700 

290 

285 

280 

800 

310 

300 

290 

900 

325 

315 

305 

1000 

335 

325 

325 

1100 

340 

135 

340 

. 

Note;  The  maximum  energy  stored  in  pulse  generator  for  1100  volt  pulse  for 
iO  microseconds  duration  is  35  joules.  Pulse  rise  time  approximat e 1 v 
15  microseconds. 


FIGURE 
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340V/cm 


AppruxIm.iLe  1100  Peak  Volt 
Una  up  pressed  I'lilse 


Unsupp  jssed  Pulse  With  Oscilloscope 
Sweejiseppd  20  Microseconde/cm 


140  V/ cm 


Pulse  Suppressed  to  Vi  Peak 
Volts  Usioj’  T runs  tec  to  r IVxlel 
AdP-1000-120  Suppressor 


Suppressed  Pulse  With  Oscilloscope 
Sweepspeed  20  Ml  croseconds/cm 


Supjiresslon  of  u 1100  Pe.ik  Volt  10  Microsecond 
Duration  ( )S  Icrle)  Pulsi’  Osiip;  runstectot 
SysleiLS  ACP- 1 ODD- I .‘UW  S upp  t essu  t . 


I «u  re 


Figure  18 


FAA/ARTCC  - Longmont,  Colorado 


Early  in  1971,  several  of  the  slower  responding  (10  microsec)  models  of  the  ACPlO.OOO 
were  installed  in  FAA  Air  Route  Traffic  Control  Centers. 

The  Longmont,  Colorado,  ARTCC  had  the  ACP10,000-120W  installed  as  shown  in  Figure  18A. 
It  protected  the  seven  critical  150  amp,  120/208  3 phase  4 wire  circuits.  These 
circuits  feeding  the  IBM  360 's,  had  numerous  problems  with  outages  due  to  induced 
lightning,  and  switching  surges  on  the  power  line.  It  also  protected  the  computers 
from  a more  common  problem  of  fuse  arching.  An  FAA  study  showed  that  if  a 150  amp 
fuse  blew, the  transient  generated  was  a pulse  of  2000  amps  for  2 millisec.  It  would 
travel  down  other  branch  service  legs  and  damage  equipment. 

After  installation  of  the  ACP10,000  the  records  showed  no  outages  due  to  overvoltage 
surges  or  transients.  During  a 3-1/2  year  period,  a total  number  of  transients 
suppressed  were  597,332.  The  counter  used,  had  a maximum  response  time  of  5 millisec. 
Because  of  the  slow  counting  time,  many  of  the  high  speed  transients  were  suppressed 
but  not  detected. 

EAST  COAST  SATELLITE  TRACKING  STATION 

In  December  of  1974,  Transtector  Systems  received  an  urgent  message  from  a well-known 
National  Corporation.  In  an  insuing  meeting,  the  management  of  Transtector  was  advised 
that  this  major  corporation  managed  a satellite  tracking  station  for  an  U.S.  Goveniment 
Agency,  and  that  for  some  time,  had  been  having  serious  problems  with  most  of  their 
electronic  equipment  anti  instrumentation  at  the  tracking  station.  The  problem;  were 
due  to  induced  lightning  strikes  and  high  energ)'  switching  transients,  on  the  A.C. 
power  line  feeding  the  site.  Tliey  had  on  many  occassions,  suffered  great  economic 
losses,  and  even  worse,  could  have  lost  (so  to  speak)  "satellites  down  range".  After 
evaluation  of  other  methods  of  protection,  they  asked  if  there  was  anything  Transtector 
could  do  to  olve  the  problem.  Technical  review  and  analysis  of  the  inform, it  ion 
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provided  to  Transtector,  showed  1)  lightning  transients  were  being  induced  on  the 
7200  VAC  power  line  feeding  the  complex,  2)  power  and  load  switching  by  other  users 
on  the  same  feed,  causing  numerous  outages,  3)  high  energy  lightning  was  entering 
the  480  VAC  lines  to  the  48'  radar  antennas  and  damaging  the  solid-state  motor  drives 
for  the  antennas . 

A.C.  POWER  DISTRIBUTION  OF  THE  TRACKING  FACILITY,  Figure  19 

The  commercial  power  to  the  facility  comes  from  overneau  lines  at  7200  Vrms  (Delta) 
and  is  feed  in  buried  conduit,  several  hundred  yards,  to  a 500  KVA  transformer.  The 
output  ot  the  transtormei'  is  120/208  volts,  3 Phase,  4 Wire,  which  provides  power  to 
the  total  facility. 

A step-up  100  KVA  transformer  provides  480  Volts,  3 Phase,  3 Wire,  to  the  two  (2) 

48'  tracking  antennas.  The  power  is  run  in  buried  conduit  (6"  x 6"  wi reways)  approxi- 
mately 600  yards  to  the  antennas.  At  the  antenna  end  of  each  feed,  an  ACP1000-480D , 
A.C.  Lightning  Surge  Suppressor  is  installed,  Figure  20. 

The  120/208  Volts  enter  the  Power  Distribution  Build  ng  wnere  the  ACPIO , 000- 120W 
Lightning  Surge  Suppressor  is  located,  on  the  loau  side  of  the  switching  gear.  This 
location  is  important  as  during  testing  of  the  AcPlU,000  A.C.  Ligltning  Surge  Suppres- 
sor, there  was  as  many  as  bO  transients  produced  during  transfer  to  a motor  generato’', 
and  back  to  commercial  power,  whicn  the  suppressor  promptly  suppressed.  In  addi*’  o.i, 
snort  lead  lenghts  and  large  cable  size  wires  were  used.  The  Power  uistribution 
Building,  houses  the  switch  gear,  and  main  distrioution  system  tor  the  complex. 
Attached  to  the  Power  Distribution  Building  is  the  Generator  Building,  which  houses 
the  two  25UKV  motor  generators  tor  bacK-up  when  power  ^ails. 

The  120/208  Volt  power  runs  to  tlie  Uperations  Building,  approximately  50  feet  away, 
and  other  locations  within  tne  complex.  a the  Operation  Building,  main  power 
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distribution  panels  are  proviaed  tor  all  systems  including  the  UPS  (Uninterrupted 
Power  System)  which  teeds  the  computer,  control  systems,  and  communication  equipment. 

Solved  the  Problem 

Transtector  Systems  recommended  tnat  the  total  site  be  protected  by  Transtector ' s 
Model  ACp10,00u-120W,  Figure  4 (1.5  million  watt  transient  suppressor)  placed  at  its 
(16u0  amp)  main  power  feed  and  an  ACP1000-480D , Figure  7 (i05,000  watt  transient 
suppressor)  placed  at  each  48'  antenna,  to  protect  the  antenna's  SCR  solid-state 
motor  drives  and  controls.  In  May  of  1975,  the  products  were  delivered  and  installed 
under  the  supervision  or  Transtector  Systems  installation  engineers. 

After  more  than  18  months  (1-1/2  years)  of  continuous  service,  and  continuous  monitor- 
ing by  the  personnel  of  the  customer,  the  problem  was  completely  solved. 

There  had  been  no  shutdowns  of  the  computer,  control,  radar,  communication  systems, 
radio  transmitters,  or  any  otner  solid-state  devices  within  the  complex,  resulting 
from  A.C.  power  line  transients  or  surges,  even  though  the  complex  was  subjected  to 
a total  of  174,402  damaging  transients  as  recorded  by  the  high  speed  digital  transient 
counter  which  is  built  into  the  system.  As  one  can  see  from  Figure  21,  during  certain 
peak  periods,  over  nine  thousand  (9,000)  transients  were  recorded  in  a 24  hour  period. 
Any  one  of  the  transients  was  considered  to  be  of  a damaging  nature.  (Reference 
Figure  25.  It  is  important  to  note  that  any  day  on  which  tiie  ACP10,000  suppressed 
even  one  time,  lost  information,  shut-down  or  aestruction  could  have  occurred  - it 
the  unit  was  not  tnere. 

A 550  day  period  of  which  transients  were  counted  on  511  days,  shows  the  system 
required  protection  by  the  suppressor  on  over  9.'?  percent  of  the  days.  The  minimum 
on  any  day  was  1 suppression,  and  tlie  maximum  was  9,028  suppressions  on  June  26,  19'’5. 
On  three  other  occassions  ttie  count  exceeded  9,000  suppressions  in  a 24  hour  period. 
The  average  suppressions  per  d.iy  required  for  the  18  month  period  was  10.8. 
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A.C.  Surge  Suppressor  locatoil  in 
base  of  antenn.i  (Afri00u-4.S0D') 
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AIR  FORGE  SITE  - COMPUTER  OPERATIONS 

In  February,  1976,  A.C.  power  line  surges  and  induced  lightning  caused  numerous 
outages  and  loss  of  critical  data. 

A.C.  Power  Distribution  of  the  Air  Force  Site  (Figure  22) 

I 

I 

The  commercial  power  is  feed  into  the  building  to  two  (2j  480  VAC  3 Phase,  3 Wire 
Transformers  to  a 120/208  3 Phase,  4 Wire  Secondary.  At  this  point  the  ACP10,000-120W 
(Figures  4 and  5)  was  installed  protecting  the  output  of  both  transformers  wi'jth  its 
power  diode  "or"  logic  circuits.  The  power  then  went  to  the  computer  center  for 
distribution. 

i 

The  results  were  no  outages  or  damaged  equipment  from  lightning  or  surges  on  jthe 

I 

power  line.  I 

I 

i 

The  Transient  Counter  in  the  suppressor,  displayed  an  interesting  profile  of  the  site's 
problem.  Figure  23.  During  the  month  of  September,  1976,  a the  total  count  of  53,020 
transients  were  suppressed.  A correlation  of  weather  conditions  and  discussion  with 
the  power  company,  showed  this  condition  existed. 

In  conclusion,  the  major  factors  to  be  considered  for  facility  protection  are: 

1)  The  Power  Suppression  Capability  is  to  be  large  enough  to  handle  the  application 
with  concern  on  what  happens  if  the  device  fails. 

2)  The  Response  Time  is  to  be  in  the  low  nanosecond  region. 

3)  The  Voltage  Suppression  and  Clamping  Ratio  must  be  low  enough  to  protect  the 
equipment  at  the  required  power  level  (Reference  1 above) . 

4)  The  Reliability  is  most  important  when  human  life  is  at  stake, and  for  low  cost 
maintenance  and  operation. 

5)  Automatic  or  Resetable  Operation  is  important  for  human  life  applications  as  well 
as  maintenance  and  cost  factors . 
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The  early  design  vacuum  tube  tjrpe  electronic  equipment  was  relatively  hard 
to  transient  voltages  by  virtue  of  its  construction.  However,  with  the  introduction 
of  semiconductors,  especially  MOS  and  small  area  geometry  bipolar  devices,  vul- 
nerability to  transient  voltages  has  increased  greatly.  Voltage  transients  are 
generated  by  manj'  sources,  including  lightning,  switching  transients,  static  dis- 
charge, and  power  line  disturbances  of  various  types.  Some  of  the  eai’lier  methods 
used  for  providing  protection  included  the  carbon  spark  gap,  resistors,  selinium 
devices,  zener  diodes  and  more  recently,  metal  oxide  varistors.  Within  the  past 
few  years,  a new  device  has  been  developed  specifically  for  protecting  solid  state 
circuitry.  This  is  the  silicon  avalanche  suppressor.  These  particular  components 
are  characterized  by  their  small  size  and  ability  to  dissipate  relatively  high  power 
transients  (1,500  watts  for  1 millisecond  and  12,000  watts  for  2 microseconds). 

Two  of  the  main  characteristics  of  the  silicon  avalanche  suppressors  include 

-12 

fast  response  time,  of  the  order  of  10  seconds,  and  very  low  clamping  factor 

which  provide  significant  margin  of  suppression  protection. 

This  report  discusses  transient  voltage  sources,  and  optimum  suppression 

methods  using  silicon  avalanche  suppressors.  Also  discussed  are  various  parameters 

^ tin 

of  devices  such  as  the  TransZorb*  , as  manufactured  by  General  Semiconductor 
Industries,  Inc. , summarizing  both  capabilities  and  limitations  of  these  device  t5qjes. 
A comparison  of  the  silicon  avalanche  suppressor  with  other  suppression  components 
is  also  made.  In  addition,  specific  applications  utilizing  the  silicon  avalanche  sup- 
pressors are  described  in  detail. 


* 


TransZorb^™ 


- Registered  Trademark  of  General  Semiconductor  Industries,  Inc. 
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TRANS  1 li.NT  V01.'l'At;i;  S 11 1’ P R T S S 1 ON 
US  I NO  Sll,  lOON  AV.M.ANt:ill-  SUPPRl;SSORS 


0 . Melville  Cl  ark 

0 e n e r a 1 Semi  e o lul  u e t o r 1 n il  a s t i’  i e s , Inc. 


1 N TROiniCT  ION 

The  early  design  vacuum  tube  type  electronic  equiiiment 
was  relatively  hard  to  transient  voltages  by  virtue  of  its 
construction.  However,  with  the  introduction  of  semiconductors 
especially  MOS  and  small  area  geometry  bipolar  devices,  vulner- 
a b i 1 i t >•  to  transient  voltages  has  increased  greatly.  o 1 1 a g e 
transients  are  generated  by  many  sources,  including  lightning, 
switching  transients,  static  tl  i s c h a r g e , and  power  line  dis- 
turbances of  various  types.  Some  of  the  earlier  methods  used 
for  providing  [irotection  included  the  carbon  spark  ga]i, 
resistors,  s e 1 i n i u m devices,  z e n e r diodes  and  more  r e c e n t 1 >•  , 
metal  oxide  varistors.  Within  the  ]i  a s t few  years,  a n e w d e v i c e 
has  been  developed  specifically  for  protecting  solid  state 
circuitry.  This  is  the  silicon  avalanche  s u p ]i  r e s s o r . T It  e s e 
[)articular  components  are  characterized  by  their  small  size 
and  ability  to  il  i s s i ]i  a t e r e I a t i v e 1 y high  power  transient  s 
( 1 , .S  0 0 watts  for  1 millisecond  and  12,000  watts  for  2 micro- 
second s ) . 

T wo  of  the  main  characteristics  of  the  silicon  aval  a n c h e 

- 1 2 

suppressors  include  fast  response  time,  of  the  order  of  10 
seconds,  a lul  very  low  clamping  factor  which  provide  s i g n i f i c a n t 
margin  of  suppression  protection. 


This  report  discusses  transient  voltage  sources,  and 
optimum  suppression  methods  using  silicon  avalanche  s u |i  p r e s s o r s . 
Also  discussed  are  various  parameters  of  devices  such  as  the 

* t ID 

TransZorb  , ;i  s manufactured  by  (ieneral  Semiconductor  Indus- 
tries, Inc.,  summarizing  both  capabilities  and  limitations  of 
these  device  types.  A c o m |i  a r i s o n of  the  silicon  a v a 1 a n c h e 
suppressor  with  other  suppression  components  is  also  made. 

In  addition,  specific  a p jt  1 i c a t i o n s utilizing  the  silicon 
avalanche  suppressors  .are  dcstiibeil  in  detail. 

*T  r ;i  n s Zo  r b^ - Registered  Trademark  of  Cieneral  Semiconductor 
Industries,  Inc. 
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TRANSIENT  VOLTACi;  SOURCES 


Lightning  is  jirobably  one  of  the  most  awesome  natural 
forces  which  we  accept  as  part  of  every  day  living.  The 
average  current  in  the  first  return  stroke  is  20  kilo amperes, 
with  10°  of  such  strokes  being  65  kilo amps  or  more  and  with 
a maximum  of  200  kiloampercs  for  the  temprate  zones.  Peak 
currents  range  up  to  40  0 kiloamjieres  for  return  strokes  in 
the  tropical  regions.  F,  Icctrical  fields  generated  by 
lightning  are  coujiled  into  electrical  wiring  and  have  resulted 
in  severe  damage  to  eiiuipment.  The  magnitude  of  this  problem 
is  better  understood  u o n perusing  the  chart  Fig.  1 , in  which 
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Fjj^  1;  l.iglitning  Signal  Amplitude  vs  Frequency 

is  plotted  the  signal  amplitude  of  radiated  liglitning  versus 
f r C(iue  nc  y ^ ^ ^ . This  data  shown  is  normalized  to  strokes  at  a 
distance  of  10  kilometers;  however,  using  the  inverse  square 
law,  it  can  be  observed  that  at  a distance  of  1 kilometer, 
electric  fields  can  li e in  excess  of  100  volts  p e i-  meter. 

When  current  is  interrupted  in  an  inductive  load,  a voltage 
is  generated  by  the  collajising  magnetic  field.  This  voltage 
is  given  b y I-  a r r i d a y ' s Law  of  I n d u c t i o n w li  i c li  states: 
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Where 


V is  the  number  of  volts 
N is  the  number  of  turns 
* ())  is  in  Webers 

t is  in  seconds 

While  switching  a 0.4  amp  .^00  volt  inductive  load,  peak 

f 2 1 

voltages  of  3,900  volts  have  been  observed  . M i 1 - .STD  - 1 5 0‘J 
lie  fines  the  worst  case  switching  transient  for  120  volt  ac 
shipboard  systems.  The  voltage  peak  is  given  as  2,500  volts 
with  the  wave  form  as  shown  in  1' i g . 2.  The  source  impedance 


Fig.  2 : M i 1 - S T D - 1 .5  9 9 Wave  form 

of  this  transient  is  in  the  range  of  lb  to  2b  ohms^^^.  This 

wave  form  describes  the  type  of  transient  which  could  be 

[1  r o d u c e d while  switching  large  i n il  u c t i v e loads  on  bo  a r d s h i [■>  s 

such  as  hoist  and  elevator  motors.  Transients  of  these  magni 

tildes  have  also  been  observed  in  industrial  areas.  Studies 

performed  by  T.  ,1.  Tucker  at  Sandia  l.a  bo  r a t o r i e s , have  shown 

that  the  voltage  rise  times  of  static  discharges  from  the 

liuman  body  can  be  very  high,  of  the  order  of  1 to  2 kilovolts 
[4  1 

[ler  nanosecond  , Some  mil  it  ary  groups  have  adojited  a 
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stiKlios  uo  n r ;i  t information  on  failure  thresholds  that  is 
of  substantial  value.  f.  V'anKeuren  of  l\(iA  , has  described 
the  destructive  effects  of  liMP  fast  rise  time  transients  on 
i n t e It  r a t e d circuits.  I>  e v i c e t y p e s r e ]i  o r t e d in  his  s t u d y 
include  hotli  hipiilar  and  tiMOS.  Threshold  failure  levels  in 
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A transient  s u]']!  r e s so  r in  an  electronic  circuit  is 
basically  for  insurance  and  reliability  enhancement.  lor 
all  practical  jnirposes,  the  jirotcctor  serves  no  function  in 
t h e c i r c u i t il  u r i n g n o r m a 1 operation  until  a p o t e n t i a 1 1 y 
damajtiiiit  transient  voltajje  is  induced  somewhere  into  the 
system.  At  this  time,  the  suppressor  performs  its  intended 
function  which  is  that  of  clam[iinjt  the  voltajte  ilown  to  ;i  level 
below  the  failure  t tires  ho  Ul  of  the  circuit  or  component  he  i nt; 
p r o t e c t e il  . I'  h e e 1 e c t r i c a 1 e n e r y in  t h e s ji  i k e i s c o n v e r t e d 
into  the  heat  a lul  subsequently  dissi|iated. 

■S  o m e o f t h e m a i o r e I e c t r i c a I p a i"  a m e t e r s o f a t r a n s i e n t 
voltajte  suppressor  include;  (I)  fhe  volt  a. ye  at  which  the 
d e vice  a t t ;i  i n s a v a I a n c h e li  r e a k il  o w n a t s o m e il  e f i n e d c u r r e n t 
level;  (2)  The  circuit  ope  rat  ini;  voltaj;e;  ( ,^  ) The  maximum 
peak  (uilse  current  rat  in.i;  of  t lie  ilevice;  and  (I)  The  iii.iximum 
clamping  voltage  of  the  ilevici:  under  peak  pulse  current 
conditions.  fhe  product  of  the  maximum  peak  pulse 


c u r r e n t 
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25nSEC 

MINIMUM  VALUES 
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10  4 
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aiul  the  maximum  clamping  voltayo,  is  a maximum  jioak  pulse 
power  rating  of  the  device.  ! nee  the  component  is  construc- 
ted using  a silicon  pn  junction,  i t tem]ie  rat  tire  coefficent 
of  voltage  a p p r o X i m ;i  t e s th.it  of  the  diffused  zener  diode. 
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i e I.I  , I A ti 

nd  .1A.\T\ 

tv[ies  are  avtii  table  per  M 1 h - ,S  - 1 1)  .S  0 ()/ .SOO  . breakdown  voltage  is 
ilefincd  at  low  currents  where  the  device  ;i  t t a i n s av;il;inche 
bretikdown.  Pe;ik  pulse  power  dissipat  ion  for  a 1 msec  pulse 
is  l,.bO(l  w;itts  for  this  scries.  !'oi-w;ird  voltage  drop  is 
c o n s e r V ;i  t i V e 1 y rated  ;i  t volts  maximum  for  ,i  100  nap  S.  1 

msec,  one  half  sine  wave  inilse. 
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■fable  II  lists  t h e e 1 e c t r i c a 1 c h a r a c t e r i s t i c s oft  h e 
l.\5(>dOA  series,  .Although  the  dh DliC  registereil  series  i ■■ 
primarily  discussed  in  this  p.iper,  there  .are  at  tiny  other 
device  types  offered  under  mti  nu  f a c t u r e r ' s i n - n ou  s e^  n urn!  e r s 
which  cover  a broad  s]iectrum  of  power  rtiting  tiiul  I'lperti.  ing 
voltage.  There  is  also  ;i  b i p o I ti  r series  which  b i ti  r s the 
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sinusoidal,  derate  to  75  percent  of  the  value  for  the  ex|)o- 
nential  decaying  pulse,  and  (ib  percent  if  the  incident  pulse 
is  a s q u a r e w a v e . 

The  selection  of  a device  to  provide  optimum  transient 
suppression  in  a given  circuit  sometimes  [) r e s e n t s a problem 
to  the  designing  engineer.  With  fable  11  as  a reference,  the 
following  guidelines  have  been  found  useful  i [i  making  an 
adequate  choice  of  the  right  sup])ressor  coni])onent: 

1)  Determine  the  ma.ximum  dc  or  continuous  o]ie  rating  voltage 
which  is  the  nominal  circuit  voltage  plus  the  tolerance  on 
the  high  side,  giving  maximum  voltage  of  the  circuit. 

2)  Select  a transient  suppressor  to  have  a reverse  stand- 

off voltage  equal  to  or  greater  than  the  maximum  circuit 
voltage,  as  defined  in  1,  above.  This  selection  will  allow 
for  operating  over  a temperature  range  of  -55*^C  to  + 175^ C. 

3)  Define  the  wave  sha])e  or  source  of  the  transient  and 
duration  of  the  pulse.  Determine  the  maximum  ]i e a k pulse 
power  to  be  dissipated  by  the  suppressor.  If  the  pulse  ilecays 
exponentially,  define  the  pulse  time  for  decay  to  5 0 °o  crest 
value. 

4 ) Check  the  peak  [) u 1 s e current  on  the  data  sheet  to  assure 

that  it  is  within  the  maximum  rating  of  the  suppressor  for 

a 1 msec  pulse.  An  example  would  bo  the  standard  1 N 5 b 2 9 A 


(6.8V)  tlevice  for 

a cur 

rent  rating  of  1 4 3 A 

ma  X 

i mum  or  1 00 A 

maximum  for  the  1N4S33A 

(lOV)  or 

1 9 . 5 A maximum 

for  the  1 N 5 ()  5 1 A 

(56V)  . 

5 ) If  the  pulse 

tl  c c a y 

s exp  0 n 0 n t 

i a 1 1 y , but 

d i 

fferent  than 

the  1 msec  which  i 

is  cal 

1 e il  o u t o n 

t b e s p e c i 

f ic 

a t i o n s in  t h e 
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ilata  sheet,  check  the  '']ieak  pulse  power  versus  pulse  time 
curve  in  I' i i>  . 4 for  pulse  duration. 


b)  If  the  peak  [)ulse  power  is  within  the  maximum  rating  of 
the  suppressor,  for  e x a m 1 e 1.5  k W for  a 1 msec,  or  (> . 5 k K 
for  a 4 0 sec  exponential  decay  [)ulse,  use  the  device  as 
selected.  Dot  ermine  the  worst  case  |)cak  pulse  power  by 
multiplying  the  maximum  clamping  voltage  by  the  peak  pulse 
current  for  any  given  pulse  duration. 

7 1 If  the  pulse  is  a n o n - r e p e t i t i v e s i)  u a r e wave,  derate  t h e 
suppressor  jieak  pulse  power  to  bbo  and  for  a one  half  sign 
wave,  derate  to  75  o of  the  value  for  the  exponential  jiulse. 

8 ) If  the  [HI  1 s e s are  a rapidly  d a m [>  e d sign  wave  or  r a p i d 1 >' 
damped  square  wave,  with  one  time  constant  within  eight  cycles, 
rate  the  device  the  same  as  if  the  component  were  s u b j c c t e il 

to  only  one  [) u 1 s e as  found  in  5 and  (>  above. 

9 ) If  the  peak  pulse  [lower  of  the  incident  [i  u 1 s e is  greater' 
than  the  rating  of  the  suppressor,  devices  may  be  stacked  in 
series  to  increase  the  power  rating  for  voltages  above  1 0 \' . 

n example  of  this  would  be,  if  a 1.5  k W , 1 0 0 V s u [)  [i  r e s s o r 

is  inadequate,  then  a 7>  kW  peak  power  is  required.  The  ojitimum 
method  to  achieve  this  [rower  level  is  to  stack,  in  series, 
two  each  of  a 50V,  ± 5 % tolerance  suppressor. 

101  Observe  the  maximum  clamping  voltage,  which  is  the 
product  of  1.3. 5 times  breakilown  voltage.  If  this  is  greater 
than  the  circuit  can  withstand,  two  devices  can  be  stacked  in 
series  to  reduce  clamping  factor  to  a p [i  r o x i m a t e I y 1.15  as 
compared  to  the  clamping  factor  of  1.33  for  a sine  e device. 

lil.liCTR  ICAI.  CAPAC  ITANCI-: 

The  e 1 e c t r i c ;i  1 c a [r  a c i t a n c e of  the  silicon  a v a 1 a n c h e 
protector  i -s  relatively  Ir  i g h because  of  its  very  large  area 
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junction.  The  capacitance  of  a (>V  device  is  approximately 
2 5,000  f ranging  down  to  about  500  pf  for  the  200V  T>pe. 

I-  o r 1.1  c a n d 1 o w f r e t]  u e n c >•  applications,  the  c a jm  c i t a n c e 
present  s n o s e r i o u s attenuation;  h o w e v e i' , for  high  f r e q u e n c >■ 
applications,  the  methods  illustrated  in  fig.  5 , can  he  used 
to  effectively  reduce  capacitance.  Ihc  low  capacitance  diode 
which  conducts  only  in  the  forward  direction  can  generally 
be  a 1 A d c rated  high  voltage  rectifier  since  these  parts 
are  i n li  e r e n t 1 y low  in  capacitance.  The  main  requirements  of 
this  component  are:  (1)  that  it  be  able  to  accommodate  the 

transient  current  in  the  forward  conduction  mode;  (2)  the 
breakdown  voltage  must  be  higher  than  the  transient  s u j) p r e s s o i'  ; 
and  1 ,5  ] the  forward  voltage  drop  is  reasonably  low  under  peak 
current  conditions. 


SUPPRESSOR 


Fig.  5:  Capacitance  Reduction 

1 NCkHASlNC  POWER  RAF  INC. 

Larger,  more  powerful  suppressors  can  be  quite  readily 
manufactured  by  stacking  devices  in  series,  |-)  a r a 1 1 e 1 , or 
s e r i e s / p a r a 1 1 e 1 combinations.  The  preferred  method  is  series 
stacking.  Devices  having  voltage  tolerances  of  + 5 ° s h a i' e 
the  load  almost  e i) u a 1 1 y when  1 a c e d in  series.  This  method 
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has  been  proven  both  in  tiie  laboratory  and  in  llie  field. 

(Custom  units  can  be  su{)plied  j)  r ej)ac  ka^;ed  or  the  user  can  ))ur- 
chase  individual  components  for  assemblinj;  a do-it-yourself 
multiple  component  part. 

Beyond  some  limit,  de|)ending  on  the  applications,  it 
becomes  necessary  to  parallel  devices  for  increased  c a [la  b i 1 i t >■  . 
Matching  must  be  performed  under  i)ulse  conditions  with  voltages 
matched  as  close  as  20  millivolts.  Very  reliable  suppressors 
have  been  manufactured  using  both  parallel  and  s e r i e s / pa r a 1 1 e 1 
combinations.  However,  it  is  recommended  that  the  user  him- 
self not  perform  parallel  stacking  unless  he  is  thoroughly 
familiar  with  the  testing  methods  and  is  properly  equipped  to 
do  so  . 

COMPARING  WITH  OTlll'.R  SUPPRF.SSORS 


ZFNER  1)1  PDFS 

Although  the  zener  diode  was  designed  and  produced  for 
dc  voltage  regulation,  it  is  very  often  used  for  transient 
voltage  suppression.  Physical  size  and  steady  state  power 
rating  may  indicate  a zener  diode's  potential  use  as  a 
transient  suppressor;  however,  comparing  peak  pulse  power 
ratings  as  defined  in  military  specifications  does  yield  some 
surj5 rising  facts.  This  is  illustrated  in  Table  III.  The 
silicon  transient  suppressor  is  rated  at  one  watt  for  steady 
state  power  dissipation,  but  it  has  a maximum  rating  of  550 
watts  at  8.4  milliseconds.  By  comparison,  the  1 Watt  Zener 
Diode  has  only  a 5 watt  maximum  surge  rating  and  the  50  Watt 
Zener  Diode  only  250  watts  maximum  surge  rating  per  MIF-STD- 
10  500.  The  production  test  requirement  for  surge  is  lOO^o  for 
the  suppressor,  but  only  on  a sample  basis  for  the  zener. 


TABFF  III 


1 

j PHODUCT 

MILS 

19500 

POWER 

RATING 

SURGE 
RATING 
8 4MSEC 

SURGE 

RATING 

ImSEC 

TEST 

FREQUENCY 

j SUPPRESSOR 

434 

1W 

550W 

i,5odw 

100°o 

1 ZENER 

115 

1W 

5W 

NONE 

SAMPLE 

ZENER 

406 

5W 

150W 

NONE 

TESTED  ONCE 

1 ZENER 

124 

10W 

SOW 

NONE 

EVERY 

: ZENER 

114 

50W 

250W 

NONE 

6 MONTHS 
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C'  o m [1  a r i n the  c 1 a ni  ]i  L n f;  voltage  of  a z e n c r with  a 
suppressor,  again  we  have  a profound  illustration  between 
these  two  components  as  shown  in  Fig.  6.  Four  different  16V 
devices  are  coni[)ared;  three  are  zeners  and  one  is  a suppressor. 
All  devices  are  lead  mounted.  The  1 Watt  zener  diode  has  only 
one-tenth  of  the  clamping  capability  of  the  suppressor.  Also, 
observe  that  a 5 Watt  steady  state  glass  zener  had  much  less 
clamping  capability  than  the  1 Watt  steady  state  transient 
suppressor.  The  reason  for  the  difference  in  clamping  capa- 
bility is  that  the  zeners  were  designed  for  steady  state 
voltage  regulation  and  the  suppressor  was  designed  specifically 
for  absorbing  high  power  transients. 


PULSE  CURRENT  — AMPS 
(10  X 1000  PULSE) 

Fig.  6 : Clamping  ti  a p a b i 1 i t y of  Zener  and 

Suppressor  Pcvices 
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CAS  n 1 SCllARCi:  proilctok 


I'he  yas  filled  S[)ark  Rap  provides  protection  while 
operatiiiR  in  a "firini>"  mode.  The  surRe  strikiiiR  voltaRC 
of  these  devices  is  determined  by  the  rise- time  of  the 
transient.  Most  protectors  for  siRiial  lines  are  rated  in 
the  9 0\'  to  d.SOV  rariRe  and  fire  in  tlic  ran  Re  of  500V  to  700V 
ma.ximiim  under  induced  liRhtninR  conditions.  Upon  firiiiR, 
the  voltaRe  drop  across  tlie  device  in  the  arc  mode  is  .about 
.50V.  When  the  current  is  reduced  to  a very  small  amount, 
the  spark  Rap  will  restore  to  the  no n - c ond uc t i n r mode.  In  a 
dc  circuit  which  lias  an  opera  ti  hr  voltape  above  the  arc 
volt  a Re,  t h e use  of  this  d e v i c e t y p e is  not  f e a s i b 1 e . I-  o r 
a c circuits,  a resistor  is  placed  in  s e r i e s w i t li  the  r a s 
tube  to  r e (.1  u c e follow-on  current  and  s u b s e ij  u e n t 1 y e x t i n r u i s li 
the  arc  when  the  voltaRe  crosses  the  zero  ]ioint.  The  silicon 
a V .a  1 a n c h e component  b \-  comparison,  does  not  d r o p in  volt  a r e 
while  r o V i d i n R protect!  o n . 1' h e c h i e f a tl  v a n t a r e s of  t h e 

silicon  device  over  the  spark  Raji  are  fast  response  and 
availability  of  low  voltaRe  protection  devices.  The  spark 
R a (1  , however,  is  c a a b 1 e o f c o n d u c t i n r v e i-  >■  1 a r r e c u r i'  e n t s , 

in  the  kiloampere  raiiRe,  for  its  small  size  and  inherent  1\- 
has  a relatively  low  caiiac  i t anc  e of  about  1 pf. 

M HTAl.  OX  inn  VARISTOR  J M^V  ) 

r he  metal  oxide  varistor  is  a r e 1 a t i v e 1 y n e w il  e v i c e 
whicli  is  basically  a ceramic- like  material  haviiiR  small  Rranules 
of  zinc  oxide  suspended  in  a matrix  of  bismuth  oxide.  On  a 
curve  tracer,  the  metal  oxide  varistor  resembles  a b i jm  1 a r 
z c n e r il  i o d e . This  cl  e v i c e type  is  available  in  v o 1 t a r e 
ratinRS  over  a relativel\’  wide  raiiRe  from  J.5V  dc  throuRh  IJOOV 
dc , depend i HR  on  the  type.  The  metal  oxide  varistor  has  a 
relatively  h i r h c 1 a m p i n r voltaRe  i . e . , the  V M .5 .5  M A 1 B J .5  \ d c 
device  has  a clampittR  voltaRe  of  55V  at  lA  and  the  \’ 1 .501.A  1 OA , 
for  1 1 0 V a c , has  a c 1 a m ]i  i n r v o 1 t a r e o f 5 2 5 at  1 0 0 A . A n 

example  of  clamiiitiR  capability  com|iarinR  tlie  metal  oxide  varis- 
tor with  the  silicon  avalanche  device  is  shown  in  I- i r s . 7 f,  8. 

Roth  of  these  devices  are  comparable  in  peak  power  d i s s i ]ia  t i on  . 
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B r o ;i  k d o w n v o 1 t a ^ i'  f o r both  t >■  jh?  s is  08  V ± 5 . T hose  o s c i 1 1 o g r a ji  h s 

wore  taken  n n il  e r fast  r i s c - t i in  e conditions  w i t li  a s q u a r e w a v e 
pulse  having  a width  of  .25  microseconds. 

Metal  Oxide  Varistors  a r e c a p a hie  of  absorbing  r c 1 a t i v e 1 y 
high  peak  power  for  tlieir  small  size  and  are  economical.  The 
silicon  avalanche  component  has  a lower  clamping  voltage,  and 
is  available  in  the  low  voltage  required  for  protecting  1 C 
and  M 0 S devices. 


fig-  7 : 1N505.5A,  ’■  i g • 8 : CP 

TransZorb  4 02  A 

or.  MOv'^"':  Registered  Trademark  of  General 

Electric  Comjian)' 

HYBRID  CIRCUIT  PROTECTION  TECHNIQUES 

G A S DISCHARGE  TUBE  - RESISTOR  - SI  EICON  SUPPRESSOR 

The  gas  surge  arrestor  has  the  ability  to  withstand 
surges  in  the  kiloampere  range;  however,  it  is  relativel)'  slow 
in  firing,  requiring  up  to  several  microseconds  to  go  into  the 
conduction  mode.  The  silicon  avalanche  suppressor  has  a 
much  faster  response  time  but  not  the  power  dissipation 
c a ])  a b i 1 i t y . Appropriate  t e c h n i c;  u e s have  been  developed  to 
optimize  the  best  characteristics  of  both  protector  t y ji e s . 

An  intervening  resistor,  inductor,  or  transformer  isolates 
the  tl  e V i c e s to  allow  surge  striking  voltage  to  d e v e 1 o ji  across 
the  g :i  s tube  under  transient  conditions  ( W i t li  o u t the  isolating 
component  the  silicon  device  will  clamp  the  voltage  down  quite 
low  and  the  gap  will  not  fire.)  The  gas  tube  absorbs  the 
bulk  of  the  energy  while  the  silicon  il  e v i c e clips  the  peak  of 
the  residual  sjiike  reiiuired  to  fire  tlie  gaji  . 


-211- 


A graph  plotting  the  gas  gap  dc  rated  voltage  vs  the 
silicon  suppressor  breakdown  voltage  is  shown  in  Fig.  9, 
giving  several  resistance  values  for  the  safe  operating  ai'ca 
of  the  system.  This  circuit  has  been  laboratory  tested 
with  transient  source  impedances  over  the  range  of  1 ohm  to 
100  ohms  at  General  Semiconductor  Industries,  Inc.,  and 
found  to  be  very  effective.  This  set  of  curves  was  develojied 
for  the  1N5629A  series  silicon  avalanche  suppressor  and  is 
not  applicable  for  zener  diodes. 

Resistor  isolation  is  best  suited  for  signal  lines  where 
currents  are  in  the  milliamijere  region.  For  applications 
where  higher  currents  are  required,  inductors  having  values 
of  500  pH  and  with  a dc  resistance  of  about  . 5fi  have  been 
found  to  provide  a tl equate  isolation. 


CIRCUIT  PR0TF:CT10N  APPLICATIONS 
TRAFFIC  SICNAL  CONTROLS 


Cl  (t  S Systems  of  Burlington,  Massachusetts,  received  a 
Department  of  Transportation  contract  to  make  a study  of 
the  most  effective  protectors  for  traffic  control  units  for 
the  State  of  Maine^^^.  This  effort  was  initiated  because  of 
the  lightning  threat  to  intersection  traffic  signals.  The 
average  number  of  thunderstorms  in  Maine  is  20  per  year,  with 
an  estimated  quantity  of  4 transients  per  year  of  bOOV  in- 
duced in  any  line  or  system. 

Among  the  devices  evaluated  for  this  application  were 
a 10  watt  zener,  a 5 watt  lead  mount  zener  and  a silicon 
avalanche  protector.  The  silicon  avalanche  protector  was 
selected  on  the  basis  of  cost  and  performance.  The  line 
drivers  and  line  receivers  were  protected  as  shown  in  Fig.  10. 


GAS  GAP  STRIKING  VOLTAGE 


TRANSZORB  BREAKDOWN  VOLTAGE  — BV 

1' i . 9;  Safe  Ojicrat  ing  Area  (airves  for  (^omhinat  ion 

of  lias  l’iil>e  Ari-estors  a lul  Silicon  Suppressor. 


r 
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I'lic  DM7S20  line  receivers  operate  at  a +20V  level  and 
re  HU  ire  bipolar  devices  such  as  the  (leneral  Semiconductor 
l.SkdUl  for  circuit  protection.  The  I) Mi’S. SO  is  5V  loi;ic  and 
requires  a device  s u c h a s the  1 N 5007  o r 1 \ 5 008  to  pro  v i d e t h e 
low  c 1 a m p i n i>  volt  a g e [Protection. 

PROCliSS  CO NTROl.  A.Nl)  I’kOC li SS  MONljm  1 N_t: 

Transient  voltajjes  from  induced  lightninj;  and  various 
o t It  e r power  line  d i s t u r b r a n c e s can  e a s i 1 v destroy  s e n s i t i v e 
solid  state  instrumentation.  The  I-  i s c h e r a lu!  Port  e r m a n u a 1 
entitled  "A  Discussion  of  Lightning  Protection  for  lilectronic 
Process  Instrumentation"  discusses  various  ec|ui|iment  and 
recommends  tl  e v i c e s for  certain  [Protection  a |p  [p  1 i c a t i o n s . T Ip  e s e 
recommendations  are  b a s e tl  on  extensive  1 a b o r a t o r >•  a >' <.1  f i e 1 <.1 
s t lul  i e s . I'  r o t e c t i o IP  techniques  similar  to  these  h a e b e e n 
successfully  useil  by  many  others.  A typical  exam[Ple  of  signal 
line  [Protection  is  s h o w ip  in  Tig.  11. 

A IRPORT  INSTRUMLNT  LANDING  SYSTLMS 

1 n r e c e n t years,  the  installation  o f s ip  1 i tl  s t a t e 
equipment  for  airport  systems  Ip  as  re(|uired  an  im[p  roved  a[P[proach 
to  hardening.  Larlier  technic(ucs  using  gas  surge  arrestors 
and  z e IP  e r diodes  were  f o u n tl  i n a d e t|  u a t e . Recent  studies  [per- 
formed by  Purdue  II n i v e r s i t >■  a n d the  Georgia  Institute  o f 
Technology  under  contract  with  the  I'ederal  Aviation  Adminis- 
tration have  shown  that  the  T r a n s Zo  r b provides  adequate 
protection  in  many  circuits  for  induced  lightning.  Inclutied 
in  these  efforts  is  a recommeiPtlat  i on  for  lightning  hardening 
of  the  AN/GRN-2  7 Instrument  Landing  System  as  shipwn  in  Tig.  12. 
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CONCl.llS  1 ON 


I’o  t I'll  t i a 1 I >•  do  s t ru  c t i VC  transient  voltages  are  g oner  'ted 
from  a variety  of  sources  and  constitute  a threat  to  the  new 
genera  t ion  of  solid  state  electronic  equi])ment  . To  [H'ovii.le 
optimum  [irotection,  the  design  engineer  must  first  define 


t ho 

t r 

an  s lent  environment  a lul 

p r o b a b i 1 it  y 

o f e X po  s u r e 

Next  , 

t ho 

V u 

1 n e r a b i 1 it  >■  o f t h e c i r c 

u i t or  s >■  St  e m 

m u s t 

b e as: 

s e s s e d . 

Thon 

the  necessary  safeguard 

s shoulil  be  d 

e f i n e d 

a n d 

i m p 1 e m e n - 

t od 

a s 

requireil.  i'he  various 

p r o t e c t 0 r t y 

P e s , i 

nc  1 ud 

i n g spark 

gaps,  metal  oxiile  varistors,  and  silicon  avalanche  components, 
each  have  their  capabilities  and  limitations.  However,  it 
behooves  the  design  engineer  to  be  thoroughly  knowledgeable 
of  both  component  v ii  1 n e r a b i 1 i t >'  and  jirotection  ilevices  to 
o ]i  t i m i z e cost,  |i  e r f o r m a n c e a n d r e 1 i a b i 1 i t y . 
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ABSTRACT 


The  fast  rise-times  of  Electromagnetic  Pulse  (EMP)  as  generated  by  Exoat- 

mospheric  nucleai-  detonations  pose  a real  thi-eat  to  semiconductor  devices. 

Threshold  destruction  levels  for  some  MOS  devices  have  been  observed  to  be  as 

low  as  4.5  microjoules.  In  addition  to  EMP,  induced  lightning  and  switching 

transients  must  be  suppressed.  This  paper  describes  insertion  techniques  for 

TM 

optimum  protection  using  devices  such  as  the  TranZorb 

Also,  combinations  using  silicon  avalanche  devices  and  spark  gaps  utilizing 
the  best  characteristics  of  each  Uq^e  are  illustrated  with  supporting  laboratory 
measurements  and  well  defined  conditions.  The  advantages  of  silicon  transient 
suppi’essors  over  the  use  of  zeners  is  graphically  illustrated.  Some  specific 
applications  in  which  TransZorbs  are  being  used  for  EMP  transient  suppression 
will  be  described. 
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i;  M I’  T R A N S I 1,  N I S U I’  l>  R li  S S 1 0 N 
0 . M e 1 V i 1 1 I'  1 a r k 

General  S e mi  c o lui  u c t o r Industries,  Inc. 


I N i RCUHIt:  r ION 

When  an  exoat  mo sphe r i c nuclear  detonation  occurs,  a very 
large  amount  of  energy  is  expressed  as  gamma  radiation. 

This  radiation  expands  outward  from  the  jioint  of  detonation 
in  a sphere  i cal  shell.  Upon  striking  the  earth's  u[>per 
atmosphere,  comp  ton  electrons  are  generated  hy  the  intei'action 
of  t h e g a m m a rays  impinging  upon  molecules  of  the  r a r i f i e d 
upper  atmosphere.  These  electrons  are  .e  u b s e q u e n t 1 y s e p a r a t e d 
from  the  heavier  ionized  atom.  The  It  i g h v e 1 o c i t >•  c o m jt  t o n 
electrons  are  then  influenced  b >•  the  geo  ni  a g n e t i c field  with 
a combination  of  both  events  yielding  an  electromagnetic 
pulse.  Hence,  the  very  iiigh  energy,  short  duration,  rf 
pulse  generated  is  referred  to  as  11 MP  ( f.  1 ec  t r oma  gn  et  i c Pulsel 
and  has  a duration  of  2 .S  0 nanoseconds  and  a maximum  field 
strength  of  100,000  V / m ^ ^ . 

T he  vast  m a j o r i t >'  of  semi  c o n d u c t o r devices  arc  parti  c u - 
1 a r 1 y vulnerable  to  the  fast  r i s e - t i m e transients  of  1;  M P 
origin.  Some  c x a m [t  1 e s of  devices  a n <.1  burn-out  energies  are 
shown  in  the  following  table. 


MINIMUM  i;mp  i;ni;r(;y  to  c:ausf.  burnout 

OF VICE  OFSCRIPTION  MINIMUM  ENFROV 

(dOUFFS) 


2N3528 

Silicon  Controlled 

.iX  1 o'  ‘ 

R e c t i Tier 

2N.3598 

C e pn  11  switching 

.1 X 1 0 ' ■’ 

Transistor 

2 N 4 .1  2 0 

Field  I;  f f e c t 

1 X 1 o' ^ 

T r a n s i s t o r 

- s 

MC7  I 5 

1C  Input  Cate 

8X10 
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The  SNSSIO?  type  line  receivers  subjected  to  200  nanosecond 
d u ration  pulses  h a v e h e e n observed  to  burn  out  with  as  1 o w 
a s 2 .8  mi  c I’o  J o u 1 e s ^ ^ . 

B e c a u s e of  the  potential  threat  to  sensitive  e 1 e c t r o n i c 
components  and  equi[)ment  by  hMP  transients,  effective 
suppression  techniques  and  devices  must  be  employed  which 
are  s p e c i f i c a 1 1 il  e s i g n e d to  ji  r o v i d e a d c c|  u a t e protection 
against  this  destructive  fast  rise-time  transient  exiujsure. 

I NlUl C TANCi;  hFI  F.CTS 

I' he  fast  rise-time  voltage  transients  in  circuitry 
wiring  can  be  a source  of  high  voltage  secondary  effects, 
due  to  what  may  a p e a r to  be  v i r t u a 1 1 y n e g 1 i g i li  1 e in  d u c t a n c e 
in  the  circuit.  This  s e c o n tl  a r y voltage  transient  is 
described  b >■  the  relationship: 

v(t)  = 1. 

W h e r e 


1. 

= inductance  i 

n h e n r y s 

d i 

= incremental 

current  cliange 

i n a m p s 

dt 

= incremental 

time  c tl  a n g e in 

s e c o n d s 

cm  long 

.05  diameter  si 

Iver  wire  "sho 

rt  circuit" 

wa  s 

observed  to  produce  a e a k pulse  secondary  voltage  of  .8 .S 0 
volts  under  a 200  a m [i  e r e pulse,  having  a r i s c - t i m e of  2 . .S 
n s e c . ^ ^ . What  is  c o ti  s i d e r c d normal  lead  lengths  on  a 
transient  s u j)  p r e s s o r device  can,  under  li  M P induced  voltages, 
generate  relatively  high  voltages  w h i c li  can  result  in  damage 
of  the  circuit  intended  to  be  p r o t e c t e ti . The  effects  of 
various  lead  lengths  of  a silicon  avalanche  s u r e s s o r 
transient  protection  device  used  in  protecting  a circuit 
from  a 1 0 0 A s i m u 1 a t e tl  li  M P pulse  from  a 50  ohm  source  are 
illustrated  in  Pigs.  1 - 4 . 


-222 


F ip.  7>  : .N  o 

1 e a d s 

Fip 

. 1 : Disc  Pa  c k a pe 

( A 1 1 !■  i p s . : 

V e I' t i c ; 

1 1 - ZOO  V / d i V , 

llo 

r i z on  t a 1 - 1 On  s e c . / i 

li  V) 

These  osc  i 1 1 

1 o p r a [)  h s 

h a V e r e c o r d e d 

t he 

[leak  V o 1 1 a p e w h i c h 

t h e 

[)  r 0 t e c t e i.l  c i 

1 rcu  i t w 

ill  see  u n d e r c 

o n il 

i t i o n s d e s c r i b e d b e 1 

low. 

riio  I'lU'i-j^y  mule  I-  oach  of  t li  o ourvos  shown  in  F i i;  s . 1 ). 

was  compu  t eel  by  i n t op  r a t i n i;  tlie  power  uiulor  the  curve  with 
res|)ect  to  time.  Tl' i s secondary,  o i-  transfer  pulse  enerpy, 
as  illustrate  (.1  i n F ip.  1 f o r a d e v i c e h a v i n p t h r e e i n c h 
leads  on  each  eiui,  is  l.S  X 10  * joules.  This  is  sufficient 

enerpy  to  destroy  field  effect  transistors,  1C  input  pates, 
and  MO.S  devices  and  border  line  for  daniapinp  permanium  P.\  P 


sw  i 

t c h i n p t ra  n s i 

s t o I-  s . W 

i t h 

I'a" 

leads,  as  shown 

i n F'  i p 

the 

t r .1  n s f e r [i  u 1 

s e e n e r p y 

d u e 

t o 

1 ea  d i nd  uc  t a n c e 

i s 

7 X 

1 0 j o u 1 e s , 

still  s u 

f f i c 

i e n t 

e n e r p y to  d e s t i 

■ o y f i e 

effect  transistors  and  It!  input  pates  and  also  MO.S  devices. 
With  the  leads  removed,  as  ilepicted  in  Fip.  .X,  the  input 
placeil  direct  ly  across  the  ilcvice  case  and  insul.iteil 
tubulatioti,  there  is  a transfer  pulse  enerpy  reduction  to 

*7 

(>.7  X 10  joules.  This  is  below  the  threshold  of  destruc- 
tion for  almost  all  s em  i c o tul  uc  t o r devices  and  praphically 
illustrates  the  requirement  for  appropriate  placinp  of 

components  in  the  circuitry  for  ojitimitinp  protection 

* t in 

c ;i  pa  b i 1 i t i e s . With  the  Pr.insZorb  re  pack  aped  into  a disc 


* r r .a  n s Z o r b ^ 


- Irailem.irk  ol  Ceneral  .Semicoiuluctor  Industries.  Inc. 


which  yields  virtually  no  inductance  and  u s i n }>  low  inductance 
insertion  methods  in  the  protective  circuit,  there  is 
negligible  transfer  pulse  energy  and  the  intended  jirotection 
is  o (1 1 i m i z e d as  shown  in  1'  i g . 4 * ^ ^ . 

rhe  silicon  avalanche  suj)[iressor  device  used  in  this 
' test  work  was  the  TransZorb  tyjie  1NS645A.  The  lN5h29A 

series  which  covers  the  range  of  5 V through  200V  was 
introduced  for  transient  voltage  s u p [i  r e s s i o n and  has  found 
e X t e n s i v e use  in  suppressing  I:  M P 

T [•: S T_  1 N STRUMF.NTAT  ION 

A block  diagram  of  the  pulse  t e s t i n g equ  i pme n t used  in 
performing  tests  in  gathering  data  described  above  and 
in  the  balance  of  this  ji a p e r is  shown  in  Pig.  ,S  . 


F i g . 5 : I n s t r u m e n t a t i (t  n 

This  circuit  is  relatively  s i m ji  1 e , using  a low  current, 
high  voltage  dc  supply,  which  maintains  a length  of  RG-217/11 
cable  under  constant  charge.  The  length  of  the  test  pulse 
is  d e t e r m i n e il  by  the  length  of  the  charge  line  and  the  jui  1 s e 
is  initiated  when  the  charge  line  is  switched  from  the  j)  o w e r 
s u p |)  1 y to  the  delay  line.  The  delay  line  filters  out  noise 
and  helps  to  p r o il  u c e a reasonably  smooth  s (i  u a r e u 1 s e . T h e 
limitations  of  eejuipment  used  for  these  experiments  is  200 
amperes  maximum. 
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Riisi’ONSi;  'l  l Mi:  01'  siiim>ui:ssor 


Iho  inhert'iit  i'i'S[)onsc  time  of  the  s ii  p])  r e s s o r tested 
in  this  study  is  extremely  fast  as  illustrated  in  I' i s ■ *' • 


V e r t i c a 1 ; 
Horizontal 


1 OV/d  i V 

1 On  s ec  / il  i V 


I-  i . 6 : R e s p o n s e o f 0 V T r a n s Z o r h , type  1 N 5 (>  4 4 A 


This  depicts  the  o s c i 1 1 o j;  r a |i  h of  a 30V  TransZorh,  type 
1N504  4A  clampinj>  a 200A  pulse.  Rise  time  of  the  incident 


pulse  is  4 k V / n s e c . T h 

e i 

insert i 

o n 

m e t h 0 d s u t i 

1 1 i : e 1 o w 

i n d u c t a n c e 

t e c h n i (|  u e s 

t o 

minimi 

2 e 

l effects 

tl  t 

; . Also, 

t h e d e V i c e 

tested  w a s 

without  t 

he 

[1  a c k a g e t o 

f u r t h e r 

reduce  the 

induct  a n c e 

t o 

i 1 1 u s t 

ra  t 

e t h e fast 

r e s p 0 n s e 

c a p a h i 1 i t y 

o f t h e has i 

c ^ 

' 11  p p r e s 

s 0 r 

J u net  i o n . 

The  DO- 

industry  standard  package  has  an  inductance  of  a ji  p r o x i ma  t e 1 >' 
- 8 

10  henrys  which  can  be  significant  in  some  a p j' I i c a t i o n s . 

i:f  forts  to  reduce  the  TransZorh  inductance  resulted 
in  the  development  of  a product  package  which  resembles 
the  communication  type  ceramic  gas  filled  spark  gap.  This 
is  now  a commercially  available  protluct  offereil  for  (i.8\ 
through  lOOV  |irotection.  It  is  also  rated  for  1 . .3kW  for 
10  X 1000  waveforms.  In  low  inductance  insertion  fixtures, 
this  device  apjtears  to  he  very  effective  in  providing 
protection  against  TiMP  . The  clamiiing  response  wave  of  a 
l.SKC  device  type  having  a breakdown  voltage  of  112V  at 
100 A is  shown  in  Pig.  7.  The  pulse  current  was  100 A. square 
wave,  with  a duration  of  2.30  nanoseconds. 
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CLAMPING  Ol'  SILICON  SUPI’RLSSOR  Vs  ZLNEiR  1)1  QUL 


Both  z e n c'  r tl  i o <J  e t y j>  c s and  silicon  avalanche  s u [)  j)  r c s s o r 
devices  were  subjected  to  simulated  EMP  pulses  as  defined 
above  with  currents  up  through  200A.  Again,  low  inductance 
insertion  techniques  were  used  to  minimize  inductance  in 
t li  e instrumentation  and  device's  external  leads.  Clamping 


PULSE  CURRENT  — AMPS 

Fig.  9:  Clamping  Voltage  Vs  Current  for  zener  and  silicon 

avalanche  suji  pressor 

z e n e r s had  very  high  clamping  voltages  c o m [)  a r e d to  the 
suppressor  device.  Although  the  suppressor  has  a one  watt 
steady  state  dissipation,  it  is  specifically  designed  for 
transient  suppression,  hence  it  presents  a superior 
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I. 


I>o  r to  rma  :u' o in  this  funct  ion  i-ompa  rod  to  a zonor  dioJo 
w h i 0 h is  il  o s i jt  n o d t'  o r volt  a p,  o r o g u I a t i o n . 

Both  t ho  iW  inotal  ^onor  and  t fi  o I . fiB'  giass  zcncr 
survivoi-l  tho  JOOA  ]uilso  hot  i' i t h vory  high  clam[)ing 
voltagos  of  a ]i  ])  r o X i 111  a t o 1 y d()0V  and  JaOV  I'o  s poo  t i vo  I y . Itio 
silicon  sii])|)rosvso  r clamped  at  alioiit  tJOV  hy  coinjia  r i son  . 
Without  monitoring  tho  [irotoct  ion  jirovidod  uiulor  actual 
c o n il  i t i o 11  s , t h o h i g h or-  clamping  v o I t a g o o f tho  : o ii  o r s 
would  ha  VO  not  hooii  ohsorved.  from  tho  basis  of  thi'So 
rosults,  d>naiiiic  tests  should  ho  [>or  formed  to  accurately 
define  the  enpnhility  of  a protection  device.  1 igs.  10, 

11  a lul  12  are  photos  ilopicting  tho  actual  res  pon  so  of  tho 
liovicos  doscriboil  above  when  sub  Joe  toil  to  200A  simulated 
I:MI’  pulses. 


I- i g . 10:  ()2V  1 tv  Metal  Zener  !■  i g . 11:  02V  1 . SK  tl  1 a s s Zener 


l or  I-  i gs . 10,  11  ii  12: 

Vo  r t i c a 1 : S 0 V / d i v 

I-  i g . 12:  ()2V  Silicon  Suiiprosscr  Horizontal:  iOnsoc/div 


Capacitance  - pico  farads -pf 


I'ho  low  capacitance  Jiiidcs  reduce  the  response  t ime  of  the 
protector  hy  the  ver>’  nature  of  it's  c o n s t i- uc  t i o n . Under 
pulse  conditions,  the  low  cajiac  italic  e devices  by  circuit 
design  will  conduct  in  the  forward  conduction  mode  only. 

This  action  is  slower  than  avalanche  mode  conduction, 
requiring  a p p ro  x i ma  t e 1 >'  5 nanoseconds  t'or  turn-on**  *. 

Production  prototyjie  units  have  been  fabricated  for  operating 
in  ’■he  10  Mil:  range  while  laboratory  experimental  models 

have  been  iiuilt  with  lower  insertion  losses  of  less  than 
O.a  dh  at  lOOMlIz. 

HYBRID  PROTPCTION  ('IRnUTS 

Gas  fi  lied  sjiark  ga[is  have  been  previously  observed  to 
fire  and  go  into  full  conduction  under  simulated  HM!'  pulses 
in  less  than  S nanoseconds  ( b 1 . Inis  is  illustrated  in 
Pigs.  1 ,S  and  1 1> . The  incident  pulse  for  each  device 


V e r t i c a 1 : S 0 (i  V / d i v 
Horizontal:  1 0 n s e c / ti  i v 


i 




Pig.  l.S:  70V  .Spark  Hap  (HH701 


Pig.  1 () : d.xOV  Spark  Hap  (CH.SO) 

i 1 lust  r.a  ted  is  dOO  Since  the  gas  gaps  turn  on  in  less  than 
10  nanoseconds,  som.  suitable  length  of  cable  separat  i ng  the 
gap  from  a silicon  suppressor  will  allow  the  gap  to  attain 
surge  s t )•  i k i n g voltage  in  a parallel  circuit  with  a low 
voltage,  fast  clamping  silicon  s u p ]i  r e s s o r . Without  the  i s ii  1 ,i  t i o n 


1 

pBtijlgm 

[rrri/iiW 

l)io  n.'S['('Mso  cuf\i’  identifies  t iu-  s u['i>  re  s s od  j)ulse  as  seen 
h S’  the  e ire  Slit  being  [iroteeted.  liie  residual  pulse  shovvn 
in  I- i g . 18  h,.s  a CdpO  separated  fi’om  a ‘JOV  s u ji  ji  r e s s o i’  by 
3 5 feet  of  RC',- 2 1-1/ II  coaxial  cable.  In  lig.  Id  all  condi- 
t ions  are  the  same  excejit  the  suppressor  is  elamiiing,  at  30 
I'he  suppressor  devices  usesl  in  this  system  were  in  DO-  13 
packages  but  also  in  lovv  inductance  insertion  hardware, 
rile  jiackage  inductance  in  the  1)0-13  was  insignificant 
in  this  protection  arrangement  due  to  the  I't  duct  ion  of 
the  input  pulse  by  tlie  sj^ark  gap.  Inductance  isolation  of 
the  S[iai'k  gai'  ;ind  the  silicon  suppressor  has  been  shown  to 
be  effective  when  the  indue  ttince  value  is  relatively  small 
The  circuit  shown  in  fig.  20  was  developed  for  a balanced 
line  telecommunication  ci.cuit.  The  inductor  deltiys  the 
wave  front  b >•  re  due  ing  the  peak  and  also  the  slope  of  t he 
[HI  1 s e .'1  d m i t t e d b y t h e g ;i  ;i  . A d il  i n g a 1 o w v a 1 u e resist  a n c e 
to  tile  circuit  adapts  i for  jirotection  against  induced 
1 i g h t n i n g . 


TransZorbs 


OUTPUT 


I g . 2 0:  Inductor  Isolation  1’  r o t e c t o r f i r c u i t 
( f.i  t on  t No  . 3 , 2 3 1,  I 7 .5  ) 
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Rf  API’ 1.1  CATIONS 


.A  Toi-miiijl  I’ r o t (.' I- 1 i o n Device  ( I' P 1) ) was  developed  as 

a n o u t g r o w t h o f a n early  d e v e 1 o p mental  s t u d >■  with  t h e 

1).  S.  Ai'iii)  on  the  Teasihiiity  of  usinj;  silicon  avalanche 

( ^ ) 

devices  for  CMP  protection  This  unit  was  desij^iied 

for  use  in  the  Per  sh  ini;  Missile  Program  and  is  illustrated 
in  !■  i g . 2 1.  li  1 e c t r i c a 1 characteristics  include  breakdown 


voltage  of  450V,  maximum  clamping  voltage  of  SOOV  within 
10  nanoseconds  after  pulse  initiation,  and  maximum  peak 
"overshoot",  or  secondary  transfer  voltage  of  1500V  with 
an  incident  ])  u 1 s e of  2 0 0 A having  a r i s e - t i m e of  5 k V / n s e c 
Suhsenuent  develoiiment  efforts  under  contract  with  Harry 
Diamond  Laboratories,  Deiiartment  of  the  Army,  have  yielded 
a low  inductance  package  which  substantially  reduces  t he 
secondary  transfer  voltage.  fh i s package  is  illustrated 
in  1-  1 g . 2 2. 

An  example  of  the  effectiveness  of  the  low  inductance 
insertion  method  is  illustrated  when  the  pulse  .ittenu.it  ion 
is  compared  for  the  two  rf  TPDs  shown  in  1 ig, s.  21  and  22. 
Pigs.  2.S  and  24  are  the  o sc  i 1 1 o g r a [i  h s of  the  clamping 
response  curves  to  ;i  sinul.it  ed  LMP  jnilse  of  200 A peak. 


Fig. 


Low  Inductance  TIM) 

(1).  S.  Patent  .No.  .S , 777,  2 1 9) 


Both  of  the  d e v i c e .s  are  electrically  equivalent  except 
the  low  inductance  TPD  utilizes  a special  low  inductance 
TransZorb  which  a pji  r o x i ma  t e s a disc  of  .090  in.  thick  and 
.300  in.  diameter.  The  1 . 5 k C ceramic  package  will  fit 
into  the  low  inductance  TP  I)  housing  and  h.is  been  observed 
to  yield  miiiimal  secondary  or  transfer  pulse  energy  from 
the  incident  F M P pulse.  T li  i s was  illustrated  earlier  in 
Tis.  7. 


2 3 ; 


Rf  TPl) 


Vert  . : .SOOV/d  i v 
Ho  r z . : 1 On  sec / d i v 

(Figs.  23  and  24) 


F i g . 2 4 : Low 

Induct  a n c e T 1’  1) 


e:oN(:i,Lis  1 ON 


Iran  si  cut  voltai^o  j;e  no  rated  by  induced  LMP  pI•esenl^  a 
unique  and  sometimes  difficult  protection  prolilem  to  t lie 
design  engineer.  The  fast  rise- time  of  5k\.'nsec,  which  can 
generate  m u 1 t i k i 1 o v o 1 1 spikes  in  a r e 1 a t i v e 1 >•  low  i n il  u c - 
tance  circuit,  results  in  a new  and  healthy  respect  for 
the  need  for  maintaining  very  short  lead  lengths  on 
piotection  components.  Much  lip  service  is  given  on 
priitection  hardware,  but  very  few  arc  capable  of  delivering 
components  with  test  results  guaranteeing  performance 
under  defined  c o n d i t ions. 

Silicon  avalanche  sup|iressors  have  been  proven  to  be 
effective  li.MP  su  p r e s s o r s . However,  as  a general  rule,  thei’e 

is  no  one  specific  component  tNjie  or  device  famil>'  capable 
of  solving  most  b.Ml'  transient  problems.  bach  situation  must 
be  evaluated  on  its  own  particular  bondar>'  conditions. 

This  should  incliule  circuit  o[ierating  volt. age  and  frequency, 
circuit  destruct  threshold,  maximum  peak  current  anticipated, 
and  any  other  pertinent  information.  \notlu-r  important 
aspect  is  exposure  to  other  transient  volt.iges  such  as 
induced  lightning  or  those  produced  by  inductive  switching,. 

When  'he  transient  level  warrants  the  requirement  , 
combinations  of  devices  such  as  the  spark  gap  and  the  silicon 
avalanche  device  can  be  combineii  to  yield  an  effective 
[)  r o t e c t o r against  r e 1 a t i v e 1 >•  hi  g h c u r r e n t t r a n s i e n t s 
utilizing  the  advantages  of  both  d e v i c e t y p e s . 

Although  the  n a t u r a 1 t e n d e n c >•  i s o f ten  t o u s e a z e n e i' 
diode,  mainly  because  this  technology  is  well  known,  one 
must  bear  in  mind  that  zener  diodes  are  designoii  and  tested 
for  voltage  regulation  and  fall  ver.v  short  of  providing 
good  t r a n s i e n t s u p p r e s s i o n . 

The  technology  exists  and  components  are  av.iilable  f i>  r 
providing  IMP  iirotection  for  .almost  all  a p ji  1 i c a t i on  s . It 
behooves  the  ilesigner  to  t a |i  the  av.iilable  resources  to 
equip  himself  to  effect  ively  design  aiul  specif)  IMP  protec- 
t ion  methods  .is  rei|uiri'd. 
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ABSTRACT 


I 

I 

The  imposition  of  EMP  hardness  and  licjhtnine:  protection  requirements  on 
systems  in  which  hundreds  or  even  thousands  of  lines  enter  an  equipment  enclosure 
presents  a serious  practical  problem  because  of  the  v'ery  lar^e  quantity  of  protection 
hardware  that  is  normally  required  when  conventional  line-by-line  protection  tech- 
niques are  used.  Tvpiciil  of  this  application  are  the  military  tactical  switch  system 
and  commercial  switching  equipments.  A major  improvement  has  been  realized 
in  these  applications  through  the  development  of  a Bulk  Electronic  Surge  Arrestor 
(ESA).  This  unique  device  is  a single,  compact  unit  providing  lightning  rind  E.MI^ 
protection  of  systems  in  which  m;my  signal  lines  enter  sensitive  electronic  equipment 
enclosures.  The  Bulk  ESA  is  normally  integrated  with  an  EMI  filter  pin  connector 
which,  in  turn,  provides  improved  performance  of  the  Bulk  ESA.  These  two  as- 
semblies provide  an  integrated  system  which  protects  against  EMP,  lightning, 

EMI,  and  TEMPEST  effects. 
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1.0  INTRODUCTION 

The  imposition  of  EMP  hardness  and  lightning  protection  require- 
ments on  systems  in  which  hundreds  or  even  thousands  of  lines  enter 
an  equipment  enclosure  presents  a serious  practical  problem  because 
of  the  very  large  quantity  of  protection  hardware  that  is  normally 
required  when  conventional  line-by-line  protection  techniques  are 
used.  Typical  of  this  application  are  the  military  tactical  switch 
system  and  commercial  switching  equipments. 

Compounding  the  problem  in  these  applications  is  often  a severe 

/ 

lack  of  space  within  a small  shelter.  This  lack  of  space  imposes  a 
limitation  on  the  amount  of  protective  hardware  that  can  be  included 
in  the  shelter,  which  in  turn  impairs  the  effective  impleftientation  of 
electronic  surge  protection.  Also  because  of  this  space  limitation, 
tight  coupling  between  input  and  output  lines  which  partially  by-passes 
the  protective  equipment  has  been  unavoidable.  A major  improvement 
could  be  realized  in  these  applications  if  bulk  protection  of  many 
lines  with  a single  device  could  be  achieved. 

Additional  problems  exist  in  military  applications  in  which  TEM- 
PEST and  EMI  requirements  apply.  A general  solution  to  providing  bulk 
EMP  and  lightning  protection  should  also  be  coiTipatible  with  these  re- 
quirements. 

A Bulk  Electronic  Surge  Arrestor  (ESA)  connector  which  solves 
these  problems  has  been  developed  at  GTE  Sylvania  by  Blaisdell  and 
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Tetreault^^^.  This  device  provides  substantial  protection  at 
the  Point  of  Entry  (POE)  into  the  equipment.  It  is  normally  integrated 
with  an  EMI  filter  pin  connector  also  properly  located  at  this  same 
point  which,  in  turn,  provides  improved  performance  of  the  Bulk  ESA. 

The  installation  of  these  two  assemblies  provides  an  integrated  systeii 
which  protects  against  EMP,  lightning,  EMI,  and  TEMPEST  effects. 

2.0  DEVICE  DESIGN 

The  Bulk  ESA  is  an  assembly  consisting  of  two  53-pin  hermetically 
sealed  connectors  directly  interconnected  in  a sealed  chamber  which  is 
back-filled  with  a low  pressure  argon  atmosphere,  to  which  a trace  of 
radioactive  tritium  is  added  to  enhance  fast  rise  breakdown.  A cut 
away  view  of  the  unit  is  shown  in  Figure  1.  A conductive  ground  plane 
member  is  mounted  within  the  chamber  perpendicular  to  the  conductive 
leads.  Each  of  the  leads  passes  through  a different  opening  in  the 
ground  plane  and  is  isolated  from  it  by  means  of  a glass  dielectric 
sleeve.  This  dielectric  spacer  is  used  to  center  each  pin  in  the 
ground  plane  as  well  as  to  enhance  breakdown  at  the  gas/dielectric  in- 
terface. An  arc  can  thus  occur  between  each  conducting  line  and  the 
ground  plane  through  which  it  passes  resulting  in  a compact  assembly 
containing  53  spark  gaps. 

A second  assembly  which  connects  into  the  Bulk  ESA  contains  a 
filter  pin  connector  having  the  proper  characteristics  for  EMI  and 
TEMPEST.  The  filter  on  each  line  also  serves  to  attenuate  the  high 
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Figure  1:  Cross-sectiondl  vie-'w  of  the  Bulk  ESA 
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frequency  content  of  any  electrical  transients  appearing  in  the  line 
through  the  Bulk  ESA.  The  Bulk  ESA  and  filter  pin  assemblies  are 
shown  in  Figure  2. 


A typical  application  of  the  Bulk  ESA  is  shown  in  Figure  3. 

The  spark  gap  assembly  is  mounted  at  the  point  of  entry  on  the  in- 
side wall  of  an  equipment  shelter  and  is  followed  by  the  filter  pin 
assembly  to  which  the  inside  shelter  cable  is  then  attached. 

A number  of  variations  of  the  existing  design  are  possible.  The 
number  of  pins  (lines)  may  be  tailored  to  a particular  application  by 
the  proper  choice  of  connector.  Similarly,  the  cut-off  frequency  of 
the  filters  may  be  changed  by  selecting  any  one  of  a number  of  ca:i- 
mercially  available  filter  pin  connectors.  The  Bulk  ESA  and  filter 
pin  connector  may  be  made  as  a single  assembly  rather  than  being  two 
assemblies  with  some  resulting  design  simplifications  if  the  applica- 
tion allows.  In  short,  the  basic  design  described  above  may  be  easily 
tailored  to  a particular  requirement. 

The  design  also  provides  for  a simple  preventative  maintenance 
check  of  the  integrity  of  the  gas  chamber.  A single  DC  breakdown 
test  on  a spare  pin  checks  all  53  spark  gaps  since  all  are  in  a common 
gas  environment. 
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figure  3:  Typical  application  of  the  Bulk  ESA 


3.0  P ERFORMANCE  CHARACTER  1ST  I _C_S 


The  electrical  characteristics  of  particular  interest  in  a de- 
vice of  this  type  are: 

1 . DC  breakdown 

2.  East  rise  breakdown 

3.  Current  surge  characteristics. 

The  performance  of  three  typical  Bulk  ESA  units  in  each  of  these  areas 
is  discussed  in  the  following  paragraphs. 

3.1  DC  Breakdown 

The  basic  gas  environment  used  in  the  Bulk  ESA  is  argon.  Radio- 
active praiipting  is  added  to  stabilize  the  pul se-to-pul se  response  and 
to  minimize  the  fast  rise  firing  voltage  of  the  arc.  The  radioactivity 
has  negligible  effect,  however,  upon  the  DC  breakdown  voltage  of  the 
individual  spark  gaps.  The  Paschen  curve  for  an  argon  atmosphere 
shown  in  Figure  4 can  then  be  expected  to  be  obeyed  by  the  Bulk  FSA. 
Lontormance  with  this  curve  was  experimental  1 y verified.  For  the 
chosen  gap  size  and  pressure,  the  Bulk  ESA  DC  breakdown  voltage  was  on 
the  order  of  225  to  235  volts,  the  minimum  value  indicated  by  the 
Paschen  curve.  Operation  at  the  bottom  of  the  Paschen  curve  was  deli- 
berately cliosen  in  order  to  minimize  the  effects  of  spark  gap  toler- 
ances on  individual  gap  breakdown  as  well  as  the  sensitivity  of  the 
DC  breakdown  characteri stic  to  changes  in  chamber  pressure. 
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3.2  Fast  Ris^e  Breakdown 

The  fast  rise  response  of  the  Bulk  ESA  spark  gap  was  evaluated 
at  rates  of  1,  10,  and  100  KV/|.is.  A total  of  six  pins  randomly 
chosen  from  three  Bulk  ESA  units  were  each  tested  ten  times  one  at 
a time  at  each  of  the  three  rates  of  rise.  The  data  at  each  rate  of 
rise  ‘thus  represents  a statistical  sample  of  60  firings.  The  results 
of  these  tests  are  plotted  in  Figure  5.  Also  shown  in  this  figure 
for  comparison  purposes  is  the  specification  for  a typical  coimierci al ly 
available  button  type  spark  gap,  which  is  a small  single  element  surge 
arrestor  manufactured  by  a number  of  companies  for  single  wire  pro- 
tection. 

The  highest,  lowest,  and  average  fast  rise  breakdown  values  ob- 
served for  the  Bulk  ESA  are  indicated  by  the  letters  H,  L,  and  A, 
respectively,  while  the  dashed  curve  connecting  the  Bs  represents  the 
button  gap  data.  As  shown,  the  average  fast  rise  breakdown  perfoniiance 
of  the  Bulk  ESA  exceeds  the  button  gap  perfoniiance  at  each  tested  rate 
of  rise. 
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In  practice,  instead  of  one  pm  beinq  pulsed  at  a time,  many 
will  be  driven  simultaneously  by  an  -HP  or  othnr  electrical  transient. 
In  this  case,  the  first  qap  to  f’'-e  stimulates  breakdown  of  the  ether 
gaps  since  all  are  in  the  sai^e  qis  ef:vironment,  minimizing  the  statis- 
tical characteristics  of  the  gas  breakdown  phenomenon.  Consequently, 
in  practice  the  fast  rise  firing  c laracteristics  will  tend  toward 
the  lower  solid  curve  in  rigu»'e  5. 

3.3  C u r re nt  $u rge  Qi_a r a c te r i sties 

Current  surging  of  the  Bulk  ESA  was  successfully  carried  out  with 
up  to  50,000  ampere  current  surges  having  total  charges  of  1.6  coul- 
ombs. Although  the  pin-to-ground  insulation  decreased  after  surging, 
no  evidence  of  opening  or  shorting  of  lines  was  observed  during  these 
tests.  These  surge  measurements  were  made  by  driving  all  53  pins  of 
the  Bulk  ESA  simultaneously  through  2.5  ohm  resistors.  The  current 
waveform  was  generated  by  the  discharge  of  energy  stored  in  an  84 
microfarad  capacitor  bank.  The  2.  SAresistors  were  used  to  prevent 
the  firing  of  one  gap  from  shorting  out  the  other  gaps.  In  practice, 
this  isolation  is  provided  by  the  impedance  of  the  cable  connected  to 
the  ESA.  The  average  value  of  the  DC  breakdown  voltage  after  current 
surges  of  25,000  and  50,000  amperes  is  presented  in  Table  1 for  three 
typical  Bulk  ESA  units. 
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Average  DC  Breakdown  Voltage 


Current  Surge 

ESA  No.  15 

ESA  No.  16 

ESA  No.  17 

Presurqe 

232  Volts 

231  Volts 

240  Volts 

25000A 

219 

223 

228 

500 00 A 

213  1 

220 

221 

50000A 

212 

220 

215 

In  conjunction  with  surge  tests  conducted  on  the  entire  Bulk  FSA 
connector,  the  current  surge  handling  capability  of  a single  Bulk  CSA 
pin  was  tested.  These  tests  showed  that  individual  pins  are  capable  of 
handling  10  x 20  ps* current  surges  of  at  least  5000  amperes  without 
fai lure. 

10  s risetime  and  <^0  ..s  falltime. 

Ref  erenc_e_ 

1 ) L . ! . Blaisdel  1 and  fl.  E.  Tetreault,  U.S. Patent  ’Jo.  3,092,65?. 


ENERGY  SOLID  STATE  ELECTRICAL  SURGE  aRREGTOR  (ESA) 
(SOLID  STATE  ELECTRONIC  SURGE  ARRESTOR  (ESA)) 


bv 

J,  J.  Lee  and  S.  Cooeer 
GTE  Sylvania 
NeedhaTi,  Massachusetts 


Presented  at 

Federal  Aviation  Administration  - Florida  Institute  of  Technolonv 
Workshop  on  Groundinq  and  Liqhtninq  Protection 

April  1977 


m 


-253- 


ABSTRACT 


In  this  paper  an  engineering  model  of  a high  energy  (20^40  coulombs  of 
charge,  15^35  Kj)  solid  state  Electrical  Surge  Arrestor  (ESA)  is  presented.  The 
basic  elements  are  commercial  or  custom  made  Metal  Oxide  Varistors  (MOVO. 

The  approach  to  achieve  a high  coulomb  ESA  is  to  use  paralleled  MOVs  with  efforts 
concentrated  on  ensuring  even  current  partition  by  matching  the  MOVs  conduction 
characteristics  and  using  balast  resistors.  The  unit  with  custom  made  large 
area  MOVs  survived  consecutive  40  coulomb  surges  of  5 ms  exponential  decay. 

The  peak  current  was  6.5  kA  at  a clamping  voltage  of  1. 1 KV.  Design  consid- 
eration, screening  techniques,  packaging,  and  test  results  are  reported.  A 
brief  review  of  the  MOV  physics  is  also  included. 
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1.0  INTRODUCTION 


Military  electronic  systems  are  subjected  to  large  electrical 
surges  generated  by  lightning  and  nuclear  events^  To  protect  these 
systems  Electrical  Surge  Arrestors  (ESA)  are  needed.  State-of-the-art 
ESAs  employ  specially  designed  spark  gaps  as  the  primary  voltage 
limiting  elements.  However,  since  a large  surge  current  causes 
intense  local  heating  by  ion  bombardment,  surface  spot  erosion  results 
in  the  gap.  Also  the  gas  is  contaminated  by  the  impurities  blasted 
off  from  the  electrodes  and  the  surrounding  insulation  materials.  All 
these  factors  contribute  to  an  aging  effect  which  change  the  breakdown 
characteristics  of  the  gap.  Moreover,  one  major  limitation  of  the 
spark  gap  is  that  the  breakdown  reaction  time  is  not  fast  enough  to 
meet  the  stringent  requirements  of  nanosecond  threats. 

To  overcome  these  problems,  a high  energy  solid  state  ESA  making 
use  of  custom-made  Metal  Oxide  Varistors  (MOV)  as  limiting  components 
to  replace  spark  gaps  is  proposed  and  studied.  The  MOV  is  intrinsically 
a fast  acting  device  with  response  time  less  than  one  nanosecond.  Thus 
any  fast  rate  of  rise  breakdown  requirements  and  repeatable  characteristics 
can  be  easily  met.  Naturally  the  solid  state  ESA  using  MOVs  is  not  without 
drawbacks.  The  most  significant  limitation  of  this  approach  is  that  the 
present  MOVs  can  handle  only  fractions  of  a coulomb  of  charge.  Also  they 
are  suitable  to  low  frequency  applications  only  because  of  their  intrinsically 
high  dielectric  constants  (~1500). 

Since  a single  20  - 40  coulomb  MOV  is  not  feasible  at  present,  the 
approach  to  achieve  a high  coulomb  ESA  is  to  use  paralleled  MOVs  with  efforts 
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concentrated  on  ensuring  even  current  partition  by  matching  the  conduction 
characteristics  of  paralleled  MOVs  and  using  ballast  resistors.  In  this 
paper  an  engineering  model  of  a solid  state  ESA  using  custom-made  large  area 
MOVs  is  discussed.  Design  considerations,  packaging,  and  test  results 
are  reported. 

II.  MOV  CHARACTERISTICS 

Before  presenting  the  engineering  details  of  the  solid  state  ESA 

a brief  review  of  the  MOV  physics  is  in  order.  The  MOVs  are  ZnO  - based 

ceramic  devices^  that  are  made  by  a pressing  and  air-sintering  process.  When 

biased  in  either  direction  the  multi-junction  device  exhibits  a highly 

non-ohmic  Zener-like  behavior  in  the  I-V  characteristics.  A fundamental 

property  of  the  ZnO  varistor  is  that  the  varistor  breakdown  (conduction) 

voltage  is  linearly  proportional  to  the  device  thickness  for  a given  powder 

2 

mix  and  sintering  process  . 

The  non-linear  characteristics  of  the  MOV  device  can  be  characterized 
by  a semi -empirical  equation 

I = KV“,  (1) 

where  K is  a constant  and  a is  a non-linear  exponent  usually  in  the 
range  of  30  - 50. 

The  MOV  conduction  mechanism  has  been  studied  by  a number  of 
3-9  3 

researchers  . Levinson  and  co-workers  believed  that  it  is  due  to  the 
quantum  mechanical  (Fowler-Norheim)  tunneling  effect.  However,  the  physical 
picture  of  the  MOV  conduction  phenomena  has  not  been  fully  understood.  More 
information  on  the  electrical  properties  of  the  MOV  can  be  found  in  Ref.  4 to  9. 
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Following  Matsuoka's  simple  model  of  the  MOV  microstructure, 
the  MOV  device  can  be  viewed  as  a big  collection  of  mini-capaci tors 
connected  in  parallel  and  in  series,  as  shown  in  Figure  1,  whicn  are 


formed  by  the  conducting  ZnO  grains  idealized  as  cubes  of  sides  d 
separated  by  a thin  dielectric  layer  of  thickness  t.  Due  to  the  thinness 

•VC 

of  t the  effect^dielectric  constant  is  extremely  large,  about  1500.  Thus 
the  MOV  is  intrinsic'  ly  a high  capac  tance  device,  which  is  not 
desirable  in  high  frequency  applicatioi  when  a large  number  of 
paralleled  MOVs  are  required  in  use. 

It  was  recently  found  by  the  authors  that  when  subjected  to  a dc 
bias  at  large  currents,  the  MOV  exhibits  a second-breakdown  accompanied 

g 

with  a thermal  runaway  (Figure  2),  In  this  dc  failure  mode  no  visual 
physical  damage  was  seen.  We  believe  that  the  second-breakdown  is  a 
bulk  thermal  effect  rather  than  electronic  in  nature,  since  the  device 
could  survive  KA  peak  current  surges  of  short  duration  ('-'20//Sj  without 
second-breakdown,  and  the  second-breakdown  occurred  at  a much  higher 
dc  current  when  the  device  was  placed  in  liquid  nitrogen. 

All  MOVs  stressed  into  second-breakdown  showed  permanent  changes 
in  their  I-V  characteristics.  The  most  dramatic  change  was  the  loss  of 
bipolar  conduction  syninetry  and  the  degradation  of  non-linearity,  as  shown 
in  Figure  2,  One  possible  explanation  for  this  is  that  the  insulating 
layers  in  the  microjunction  have  become  permanently  polarized  by  the 
strong  field  when  the  material  is  over-heated  by  the  dissipated  energy 
which  might  have  resulted  in  a phase  change. 
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ELECTRODE,  AREA  A 


100-1  77E 


Figure  1 - Idealized  model  of  the  MOV  microstructure„ 


FAILURE  LEVEL  (COULOMBS) 


When  surged  by  large  currents,  a typical  failure  mode  of  the  MOV 
is  a hot  spot,  leading  to  either  a darkened  glassy  region  of  low  resistance 


(2KiO  Or  a pinhole  punctured  through  the  device  resulting  in  a shorting 
path. 

It  was  also  experimentally  found  that  there  is  a strong  correlation 
between  the  MOV  capacitance  and  its  surge  failure  level  A high  capacitance 
MOV  can  usually  survive  higher  coulomb  surge,  while  the  ones  with  sraller 
values  tend  to  fail  at  a much  lower  energy  level.  As  shown  in  Figure  3 
forty  MOVs  were  tested  to  yield  the  statistics  This  finding  suggested 
a simple  non-destructive  selection  technique,  i e , using  the  capacitance 
measurements  to  eliminate  the  weak  MOVs 


Figure  3 - Correlation  between  the  MOV  failure  level  and 
the  MOV  capacitance.  The  samples  tested  were 
GEV130LA20  MOVs 
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IV.  ESA  DESIGN 


Since  the  MOVs  must  be  connected  in  parallel  to  have  required 
energy  handling  capability,  it  is  important  to  have  even  current  shar- 
ing among  the  branches  during  the  surge.  Due  to  the  high  non-linearity, 
small  differences  in  device  characteristics  cause  severe  uneven  current 
sharing,  thus  reducing  the  total  ESA  charge  handling  capability.  This 
problan  is  largely  alleviated  by  using  ballast  resistors.  As  shown  in 
Figure  4,  the  MOVs  were  individually  balanced  by  the  same  amount  of  resistance 
R,  so  that  each  branch  was  stabilized  by  a coimion  load  line.  To  be 
effective  the  value  of  R was  chosen  is  such  a way  that  the  voltage  drop 
across  it  was  a sizable  fraction  of  the  MOV  voltage.  Tests  showed 
that  this  scheme  had  substantial ly  improved  the  current  sharing. 

For  the  prototype  ESA  custom  made  large  area  MOVs  fabricated  by 
Matsushita  (Japan)  were  used,  ‘’’he  large  area  MOV  is  an  annular  disk, 

8.1  cm  O.D.,  1.2  cm  I.D.  and  0.5  cm  in  thickness.  The  electrode 
was  a rough  textured  silver  substance.  The  edges  of  the  disc  were 
covered  with  insulating  epoxy  to  prevent  high  voltage  arc-over.  The 
varistor's  clamping  voltage  was  550V  at  1 niA,  and  600,^800  V at  1 kA. 

The  devices  were  screen-tested  with  the  GTE  Sylvania  5/200K  pulser, 
as  shown  in  Finure  5,  which  has  the  following  characteristics: 


GTE  SYLVAMIA  5/200  K PULSER 


Output  Voltage: 

Maximum  Energy  Storage: 
Maximum  Storage  Capacitance: 
Maximum  Charge  Storage: 


0-5000  volts 
0-232  kilojoules 
16,500  microfarads 
83  coulombs 


The  custom  made  MOV  passed  12  coulombs  successfully,  but  failed 
at  13.5  coulombs.  The  failure  mode  was  a pinhole,  as  conmonly  observed 
in  failures  of  smaller  varistors.  A typical  surge  response  of  this  device 
is  shown  in  Figure  6. 


MOV  1 


I 


li 


Figure  4 - To  achieve  a more  uniform  current  sharing,  each 
MOV  branch  was  stabilized  by  a ballast  resistor  R 


4 


Figure  5 - Schematic  of  the  5/200K  pulser  for  high  coulomb 
tests. 


Figure  6 - Surge  response  of  the  Matsushita  8 CM  MOV.  Upper 
Trace:  500V/div  tower  trace  1 KA/div.  Time 
scale  is  ?.  ms/div. 
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The  design  baseline  was  for  the  ESA  to  survive  multiple 
5 ms  exponential  pulses  with  a total  charge  of  40  coulombs  at  a 
clamping  voltage  of  1 KV.  In  the  preliminary  design  8 such  MOVs 
were  used.  The  ballast  resistors  were  Stackpole-made  0.5^1  disk 
type.  The  ESA  package  was  designed  to  meet  the  requirements  of 
compact  size,  prevention  of  arc-over,  and  good  heat  sinking. 

The  peak  surge  curi  ^ of  about  1 KA  through  each  MOV 
implies  that  pari  si  tic  series  resistance  of  greater  than  a few 
hundredths  of  an  ohm  cannot  be  tolerated.  Many  conductive  epoxies 
and  conductive  ceramic  frits  for  packaging  were  ruled  out.  The 
silver  based  electrodes  of  the  MOVs  were  copper  plated  so  that  the 
MOVs  could  be  welded  to  other  components.  The  disk  components  of 
the  ESA  were  stacked  up  together,  electrically  in  parallel,  with  the 
electrode  plates  alternatively  connected  to  two  strapping  electrodes. 
The  completed  ESA  package  weighs  about  8 lbs  , is  5 inches  thick  and 
has  a capacitance  of  O.llpF.  A picture  of  the  unit  is  shown  in 
Figure  7. 

The  ESA  was  surge-tested  with  the  pulser  described  above. 

The  unit  survived  consecutive  40  coulomb  surges.  At  this  level  the 
peak  current  was  6.5  KA  at  1.1  KV.  About  35  kilojoules  was  absorbed 
in  the  unit.  The  voltage  and  current  waveforms  of  the  test  are  shown 
in  Figure  8. 

From  the  test  results  one  can  conclude  that  with  the 
present  technology  it  is  feasible  to  design  a high  energy  solid 
state  ESA  using  a limited  number  of  large  area  MOVs  at  a moderate 
material  and  packaging  cost.  The  ESA  so  designed  can  be  used  to 
replace  conventional  spark  gaps  in  some  applications  as  a primary  surge 
protection  device.  Mature  MOV  technology  capable  of  meeting  EMP 
requirements  will  provide  ESAs  an  order  of  magnitude  less  expensive 
than  state-of-the-art  spark  gaps.  However,  the  clamping  voltage 
of  this  solid  state  ESA  is  high  compared  to  the  spark  gap,  which  may 
be  a drawback  and  should  be  taken  into  consideration  in  application. 
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The  ESA  consists  of  B custom  made  MOVs;  in' 
ballasted  with  a high  energy  0.5i.  resistor 


iilRHIIlKWilliliSIPilW 
; ISiP 


The  uni t( shown  in  figure  7)  was  surged  with 
b/BOOK  pulser  at  b.4  I'.V . Upper  Trace:  voltage 
across  the  ESA;  5f)0V/div  Lower  trace:  1 kA/div. 
Time  scale  is  2 ms/div  The  < urrent  trace  was 
distorted  dut'  to  the  saturation  of  (he  current  proix 
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ABSTRACT 


Lightning  is  a natural  phenomenon  which  poses  a potential  hazai-d  to  people, 
structures,  and  equipment  unless  adequate  protection  is  provided.  The  type  of 
protection  required  is  related  to  the  nature  and  function  of  the  facility.  The  de- 
cision making  process  involves  a number  of  interrelated  factors  which  should  be 
considered  when  determining  the  need  for  protection. 

The  United  States  has  two  nation:dly  accepted  protection  st;mdards  availaljle 
to  satisfy  the  needs  of  protection.  The  Lightning  Protection  Code  is  sponsored  by 
the  National  Fire  Protection  Association  (NFPA  78)  and  accej^ted  by  the  American 
National  Standards  Institute  (ANSI  C5.1).  The  Underwriters'  Laboratories  sets 
forth  the  requirements  for  a Master  Labeled  System  in  their  UL  96A.  A system 
installed  in  accordance  with  the  requirements  of  UL  9GA  c:m  be  issued  a Master 
Label  certificate.  Systems  conforming  to  either  the  UL  or  NFPA  standard  provide 
adequate  |)rotcctioa  if  installc  I properly  and  if  periodic  inspections  are  performed 
to  insure  the  continued  integrity  of  the  installed  system. 

A comprehensive  survey  of  lightning  protection  systems  was  conducted  at 
sLx  FAA  facilities.  The  surveys  revealed  many  do's  and  don'ts.  Some  of  the  more 
obvious  deficiencies  along  with  some  of  the  goofl  practices  :me  highlighted  in  this 
pa[x.'r.  Examples  of  two  rleticiencies  found  during  the  survey  are  excessive  spacing 
between  air  terminals  and  air  termin:ils  shorter  than  surrounding  roof-niounted 
objects.  Other  frequent  deficiencies  ai’C  improper  bonding  practices  utilized  to 
ground  roof-mounted  objects  ;uid  roof/down  conductors. 

The  results  of  the  surveys  emphasize  that  periofiic  inspections  arc  necessary 
to  rcve;il  potential  problems  resulting  from  careless  inst;illations  ;ind  the  develop- 
ment of  corrosion  at  connectors  and  fasteners. 
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LIGHTNING  I’RCn'ECTlON  FOK  FACILITIES 
HOUSING  ELECTRONIC  EQUIPMENT 

R.  S.  Smith 

Engineering  Experiment  Station 
Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332 


I- 

Lightning  is  tin  electrical  discharge  phenomena  that  occurs  in  the 
atmosphere  and  to  the  earth's  surface.  Lightning  is  both  a beautiful 
and  a terrifying  sight.  Unfortunately,  lightning  is  uncontrollable, 
mostly  unpredictable,  and  frequently  destructive  if  the  stroke  directly 
hits  an  unprotected  object.  This  paper  explores  the  factors  which 
establish  the  relative  need  for  protection,  reviews  the  principles  of 
protection,  and  discusses  the  Master  Labeled  Lightning  Protection  System. 
Findings  obtained  during  a recent  series  of  surveys  of  FAA  facilities 
are  used  to  illustrate  some  of  the  common  code  violations  which  are  made. 

2 • need  JLR£T ECTIdl N 

The  relative  need  for  lightning  protection.it  a facility  is  dependent 
on  many  factors  such  as: 

(a)  Type  or  usage  of  facility; 

(b)  Personnel  safety; 

(c)  Prevalence  of  lightning; 

(d)  Type  of  construction; 

(e)  Gontents; 

(f)  Economic  risks; 

(g)  Ilegree  of  isolation  (relative  height  of  surrounding  structures); 

(h)  Type  of  terrain;  and 

(i)  Height  of  structure. 
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A pragmatic  type  of  risk  analysis  is  suggested  by  the  British*  for 
aiding  the  decision-making  process.  The  analysis  weighs  the  seven  factors 
of: 

(a)  Usage  of  structure; 

(b)  Type  of  construction; 

(c)  Contents; 

(d)  Degree  of  isolation; 

(e)  Type  of  terrain; 

(f)  Height  of  structure;  and 

(g)  Relative  lightning  incidence. 

To  perform  the  analysis,  a set  of  applicable  conditions  are  listed  for 
each  of  these  factors.  This  list  of  conditions  helps  the  analyzer  assign 
the  particular  factor  a risk  inde.<  number  within  a range  of  1 to  30  depending 
upon  the  relative  criticality  of  the  factor.  Examples  of  types  of  structures 
and  the  risk  index  numbers  which  could  be  applied  to  the  usage  of  such  struc- 
tures are  as  follows: 

Type  of  Struct ure 

Building  housing  general  public 

Facility  housing  electronic  equipment 
for  air  traffic  control 

Private  homes 

To  continue  the  assessment,  the  conditions  for  each  of  the  other  factors 
are  listed,  and  the  risk  index  numbers  for  the  particular  facility  are 
assigned.  The  relative  need  for  protection  for  the  overall  facility  is 
indicated  by  the  sura  of  the  risk  index  numbers.  The  required  sum  total 
of  the  index  numbers  is  open  to  selection.  The  British  use  the  number 
40  as  their  criterion;  however,  other  sum  totals  may  be  selected  depending 
upon  circumstances. 

*"The  Protection  of  Structures  Against  Lightning,"  British  Standard  Code 
of  Practice  CP  326:1965. 


Risk  Index  No . 
10 

30 

2 
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'ilie  decision  to  provide  protection  nay  be  oased  prittuirily  on  one 
factor  alone.  Some  possible  single  factors  can  be  personnel  safety 
requirements,  reduced  insurance  r.ates,  or  to  meet  an  imposed  lightning 
protection  code. 

A-  Pl.F.S  OF  PROTECTION 

Tliree  basic  tequirements  must  be  fulfilled  to  provide  protection 
against  direct  lightning  strikes  to  a sr-ucture; 

(a)  A conductive  object  ruust  be  proviued  to  intent ' onal ly  attract 
the  leader  stroke; 

(b)  A path  must  be  establlstied  that  joins  this  object  to  earth 
with  such  a low  impedance  that  the  discharge  follows  it  in 
preference  to  any  other:  and 

(c)  A low  resistance  connection  must  be  nvide  with  the  bodv  of 
the  earth. 

One  approach  to  satisfying  these  requirements  is  to  install  an  inte- 
gral protection  system  consisting  of  air  terminals  and  roof  and  dowTi  con- 
ductors adequately  terminated  to  a properly  configured  eaith  electrode 
system.  Another  means  of  meeting  tliese  requirements  is  to  establish  a 
cone  of  protection  over  the  facility  by  erecting  a suitable  (metal)  tower 
or  a combination  of  such  towers  with  a low  resistance  connection  to  earth. 

The  system  utilizing  air  terminals  and  roof /down  conductors  is  used 
most  commonly  on  buildings.  The  cone  of  protection  method  is  commonlv 
used  on  power  tr.ansmission  lines  and  fuel  storage  systems.  This  paper 
will  emphasize  the  air  terminal  approach  to  protection. 

A.  _ LIGHTNING  PROTECTION  CODES 

The  llghtniiig  protection  system  should  conforir  to  .an  .accepted  set 
of  guidelines.  Codes  and  st.andards  have  been  established  in  many  countries 
to  provide  the  necessary  guidelines.  F.very  code  or  requirement  ti.as  one 
thing  in  common  and  that  is  diverting  a direct  strike  to  e.artli.  Tlie  prim-arv 
difference  in  the  various  codes  is  the  philosophy  used  in  actiievlng  an 
effective  protection  system, 


1 ’ 

1 
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The  United  Stntes  has  two  nationally  accepted  codes:  the  National 

Fire  Protection  Association's  Lip.htninp  Protection  Code  (ANSI  C5.1),  and 
the  Underwriters'  Laboratories  Master  Labeled  Lightning  Protection  Systere 
(Standard  UL  h6A) . The  requirements  of  these  two  codes  are  quite  similar 
and  are  probably  equally  utilized  on  structures  throughout  the  nation. 

ITie  major  difference  between  the  two  is  that  the  Master  Label  can  be 
certified  upon  both  a factory  inspection  and  labeling  of  the  lightning 
protection  materials  and  upon  performance  of  a field  inspection  by  an 
authorized  inspector. 

5_.  PROCFdlURl^  Fm  AaiUI lUNC  A MVSTER  l..\REL 

•Assume  that  it  has  been  determined  that  a lightning  protection  system 
is  required  on  a new  or  existing  facility.  The  procurement  specification 
should  indicate  whether  the  system  is  to  be  a certified  .Master  I.abeled 
Svstera  in  accordance  with  the  UL  9bA  or  a non-cert  if ied  system  installed 
in  accordance  with  the  NFPA-78  or  UL  96A. 

Let's  assume  the  specification  requires  that  a certified  Master  Labeled 
System  will  be  installed.  The  first  step  in  acquiring  a certified  system 
is  to  design  the  system  using  the  guidelines  set  forth  in  the  UL  96A.  This 
design  may  be  done  in-house  or  by  an  architectural  engineering  firm.  Then, 
construction  of  the  system  is  contracted  out  and  the  contractor  assumes  the 
responsibility  for  supplying  the  certified  .system. 

Another  means  of  acquiring  the  Master  Label  is  to  contract  for  both 
design  and  const ruct ion  through  a UL-approved  manufacturer  of  lightning 
protection  equipment.  Often  this  toute  i.s  the  easiest  means  of  getting  a 
c ert  if  led  system. 

U'lei;  completion  of  the  installation  and  the  field  inspection,  the 
appl  lc.it  ion  is  signed  by  the  owner  and  contractor  and  forwarded  to  the 
Unilerwriters'  Laboratories.  i nderwrlters'  L.aboratories  then  returns  .a 
2-1/2"  X 4"  bras.'j  Master  I.a’oel  for  attachment  to  tiie  facllitv. 

The  procurt'ment  of  a lightning  protection  system  inst.alled  in  .accordance 
with  the  NFPA-7iS  tiwolves  a procedure  that  is  basically  the  same  as  that 
for  a certified  system.  Iloweve”,  closer  supervision  will  be  necessarv  to 
insure  that  the  system  Is  installed  as  required  bv  the  Code. 
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The  installation  of  the  lightning  protection  system  does  not  mean 
that  it  can  be  ignored  forever.  Periodic  inspections  should  be  performed. 
Over  a period  of  time,  air  terminals  can  be  damaged  by  direct  strikes,  and 
corrosion  on  connectors  and  at  iolnts  may  increase  the  lightning  path 
resistance.  Also,  the  inspection  can  reveal  unprotected  areas  or  where 
additions  to  the  structure  have  not  been  properly  protected. 

COMMON  LIGHTNING  PROTECTION  SYSTEM  DFFICIENCIF.S 

j The  overall  requirements  of  either  UL  96A  or  NFP.A-78  are  too  lengthy 

I to  expand  upon  in  this  paper.  Therefore,  just  the  most  commonly  abused 

I practices  observed  during  recent  surveys  are  illustrated. 

I 

; Manv  FA.\  facilities,  particularly  Air  Route  Traffic  Control  Centers 

I 

j (ARTCC) , do  have  comprehensive  lightning  protection  systems  installed. 

However,  as  time  has  passed  and  structural  changes  have  been  made,  the 
lightning  protection  system  has  not  always  been  updated  to  insure  that 
it  continues  to  provide  its  original  degree  of  protection.  Figures  1 to 
7 illustrate  some  areas  where  proper  attention  has  not  been  paid  to  the 
detailed  requirements  of  the  codes. 

j 6.1 Air  Terminal  Location  and  Height 

I 

! Air  terminal  location  and  height  relative  to  objects  to  be 

I protected  are  two  important  factors  which  are  commonly  overlooked.  Para- 

graplis  22  and  10  of  the  UI.  96A  require  that: 

"Air  terminals  shall  extend  above  the  object  to  be  protected 
not  less  than  10  inches  or  more  than  16  inches  ..." 

"Metal  cupolas,  ventilators,  finials,  spires,  flag  poles, 
radio  staffs,  television  and  FM  antennas,  chimney  extensions  and 
caps,  or  other  permanent  metal  elevations  shall  be  bonded  to  the 
main  lightning  conductor.  Air  terminals  shall  be  optional  on 
such  metal  elevations  if  the  metal  is  of  sufficient  strengtli  and 
conduct Ivity  to  approximate  that  of  a standard  air  terminal  . . 

Two  examples  of  the  above  deficiencies  are  shown  in  Figures  1 and  2.  Note 
that  metallic  objects  such  as  antennas,  antenna  masts,  air  vents,  exhaust 
vents,  guardrails,  etc.  extend  higher  than  the  air  terminals.  Tlie  lightning 
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system  serves  no  function  in  these  areas  since  an  impending  lip;htning 
stroke  would  strike  one  of  the  hipher  objects  Instead  of  the  air  terminal. 


6.2  Air^  Terminal  Spacing 

inadequate  spacing  of  air  terminals  is  another  frequently 
encountered  deficiency.  Air  terminals  should  be  such  that  the  incoming 
stroke  will  have  a higher  probability  of  striking  the  terminal  rather 
than  the  structure.  The  requirements  of  UL  96A  are  that: 

"Air  terminals  siiall  be  placed  on  ridges  of  gable,  gambrel, 
and  hip  roofs,  around  the  perimeter  of  flat  roofs,  and  on  the  corners 
and  edges  of  gently  sloping  roofs  at  Intervals  not  exceeding  20  feet, 
except  that  air  terminals  24  inches  or  liigher  may  be  placed  at  inter- 
vals not  exceeding  25  feet." 

The  recent  surveys  revealed  air  terminals  spacings  ranging  from  16  to  26 
feet  with  1 out  of  every  16  exceeding  the  '20- foot  separation  distance  for 
24  inch  terminals  (see  Figure  3).  To  meet  code  requirements,  additional 
air  terminals  should  be  Installed. 


6.3  Flat  Roof  Coverage 

Complete  protection  should  be  provided  for  large  flat  roofs. 

Tliis  protection  is  sometimes  neglected  on  roofs  which  are  very  wide. 
Paragraph  26  of  UL  96A  requires  that: 

"Flat  or  gently  sloping  roofs  which  exceed  50  feet  in  width 
shall  have  additional  air  terminals  on  the  flat  or  gently  sloping 
areas.  Such  air  terminals  shall  be  placed  on  the  conductor  at 
Intervals  not  exceeding  50  feet." 

A typical  ex.imple  of  where  this  requirement  has  been  overlooked  is  the 
Atlanta  ARTCC  building,  also  shown  in  Figure  3.  A major  portion  of  the 
main  ARTCC  building  is  approximately  80  feet  wide  witli  no  interior  air 
terminals.  Flat  roofs  this  large  stiould  have  extra  air  terminals  installed 
in  the  manner  illustrated  by  Figure  4. 
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^qmmon  Gro^imcHn£^ 

Metal  objects  near  the  lightning  roof  and  down  conductors  pose 
a potential  hazard  of  flashover  if  proper  grounding  (cross  bonding)  prac- 
tices are  not  observed.  In  Paragrapli  81,  III,  96A  requires  a common  ground 
for  the  entire  system,  to  wit: 

"Common  grounding  has  been  recognized  as  the  most  effective 
method  of  eliminating  side  flashes  resulting  from  a lightning 
discharge.  Therefore,  structures  protected  bv  a Master  Labeled 
lightning  protection  system  shall  have  all  grounding  mediums  bonded 
together.  This  is  to  include  all  electric  and  telephone  service 
grounds  and  other  underground  metallic  piping  systems  which  enter 
the  structure.  Such  piping  systems  Include  water  service,  gas 
piping,  underground  conduits,  underground  I,P-gas  piping  svstems,  etc." 

"Caution  should  be  exercised  to  avoid  bonding  to  piping  systems 
which  have  sections  of  plastic  pipe  unless  such  sections  are  bridged 
by  a length  of  main-size  conductor." 

An  example  of  the  lack  of  a direct  common  ground  is  shown  in  Figure  5. 

This  figure  shows  several  metallic  objects,  l.e.,  power  conduit,  fences, 
and  an  exhaust  vent,  within  inches  of  a down  conductor,  yet  no  common 
bond  is  provided.  However,  Figure  6 shows  another  situation  in  which  all 
metallic  objects  are  properly  cross  bonded  to  the  down  conductor  in  accor- 
dance with  UL  96A. 


6.5  Guard^ 

Down  conductor  guards  are  installed  to  prevent  physical  damage 
and  displacement  of  the  conductor.  Guards  sliould  be  made  of  nonmetal  lie 
or  nonferrous  materials.  Unfortunately,  It  is  common  practice  to  use 
ferrous  metal  guards.  If  iron  or  steel  conduit  is  used  as  the  guard,  it 
should  be  bonded  in  accordance  with  Paragraph  54  of  the  HI,  96A,  which  savs : 

"If  the  conductor  is  run  through  pipe  or  tubing,  of  iron  or 
steel,  the  conductor  shall  be  bonded  to  the  top  and  bottom  of  the 
pipe  or  tubing.  Only  one  bond  (at  the  top)  shall  be  required  if  the 
pipe  or  tubing  is  of  copper  or  other  acceptable  nonferroiis  metal." 


-278- 


Figure  5 


Lack,  of  Cross  Bonding  Between  Down  Conductor 
and  Adjacent  Conductors. 


Dowi7  Conductor  Cross  Bonded  to 
fU-arby  Metallic  Objects. 


Numerous  ferrous  down  conductor  guards  were  found  to  be  open  at  one  or 
both  ends  at  the  installations  inspected.  Figure  7 illustrates  an 
improperly  bonded  guard.  Such  conditions  should  be  corrected  to  insure 
that  both  ends  of  guards  are  properly  bonded  to  the  lightning  down  con- 
duc  tor . 

7 _ au;;^\_ry 

Lightning  is  a natural  phenomenon  which  poses  a potential  hazard 
I to  people,  structures,  and  equipment  unless  adequate  protection  is  pro- 

I vided.  The  type  of  protection  required  is  related  to  ttie  nature  and  func- 

I t ion  of  the  facility.  The  decision  making  process  involves  .a  mimbei  of 

' interrelated  factors  which  should  be  considered  when  (ietormining  tlie  need 

I 

[ , for  protection. 

I The  United  States  h.as  two  nationally  accepted  protection  standards 

available  to  satisfy  the  needs  of  protection.  Systems  conforming  to  either 
the  UI,  or  NFI’A  standard  provide  adequate  protection  if  installed  properly 
and  if  periodic  inspections  are  performed  to  insure  the  continued  intepritv 
of  the  installed  system. 

I A comprehensive  survey  of  lightning  protection  systems  was  conducted 

.at  six  F/V.\  facilities.  The  surveys  revetiled  m.any  do's  and  don'ts.  Some 
of  tlie  more  obvious  deficiencies  along  with  some  of  the  good  practices  are 
highl’ghted  in  this  paper.  The  results  of  the  surveys  emphasize  that 
periodic  inspections  are  necessary  to  reve.al  the  existence  of  def  ic  ienc  ii's. 
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This  paper  indicates  how  existing  theoretical  and  experimental  knowledge 
concerning  grounding  requirements  for  the  protection  of  structures  in  general  can 
be  implemented  for  the  special  case  of  the  transportable  SATCOM  terminal. 

The  paper  begins  with  a description  of  a tyi^ical  SATCOM  terminal  and  gives 
terminal  specifications  in  detail  (Sections  2.0  and  3.0),  Section  4.0  discusses 
"Protection  RequLrements ".  General  protection  requiiements  are  that  trans- 
portable SATCOM  terminals  must  meet  performance  requirements,  must  not  be 
damaged  by  direct  lightning  strokes,  must  not  be  degraded  beyond  alio  vable  tolerances 
due  to  the  effect  of  an  electromagnetic  pulse  (EMP),  and  must  be  safe  for  personnel 
work. 

Alore  specifically,  under  the  heading  "Performance  Requirements,  " an  adequate 
grounding  system  is  described,  including  a description  of  site  ground  fields. 

"Lightning  Protection"  for  antenna  structures,  equipment  shelters,  combined 
protection,  power  modules  and  the  I'ole  of  electrical  surge  arrestors  is  covered 
intensively,  as  is  "EMP  Protection"  for  antenna  structures,  equipment  shelters 
and  power  modules,  electricid  surge  arrestors,  cable  shields  and  connectors, 
and  cal^le  routing.  Examples  of  grounding  systems  for  two  confip^rations  of 
transportable  SATCOM  terminals  ai'C  compai'ed  under  the  heading  "Tvpiciil  In- 
stallations" (5.0). 

In  summary  (6.0),  the  paper  concludes  that  the  same  principles  which  protect 
power  lines,  radio  and  t.  v.  transmission  towers,  houses,  etc.,  from  the  effects 
of  lightning  need  to  be  adapted  and  incorporated  to  the  greatest  extent  possible  to 
protect  transportaJile  SATCOM  terminals.  With  atlditional  adaptions  these  same 
principles  also  provide  protection  :igainst  the  effects  of  EMP.  The  crucial  protection 
in  both  cases  is  grounding. 
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Transportable  satellite  communication  terminals,  simply  because  of  their  trans- 
portability, encounter  a number  of  grounding  problems.  They  require  protection  systems  that 
are  able  to  function  properly  in  extremely  different  environments  as  unlike  as  Arctic  tundra 
and  African  desert,  beachfronts  and  mountain  tops.  If  the  van-mounted  equipment  and  antenna 
structures  are  situated  atop  a mountain  or  are  the  highest  objects  in  an  area,  for  instance,  they 
become  more  susceptible  to  lightning  and  electromagnetic  pulse  problems  than  at  lower  levels. 
Site  soil  conditions,  ranging  from  granite  to  quicksand,  pose  odditional  problems.  Unfavorable 
site  resistivities  can  make  grounding  or  "earthing"  of  terminals  a most  formidable  task. 

This  paper  will  indicate  how  existing  theoretical  and  experimental  knowledge 
concerning  the  protection  of  various  types  of  structures  can  be  implemented  for  the  speciol  case 
of  transportable  SATCOM  Terminals. 

2.0  TYPICAL  SATCOM  TERMINALS 

A basic  SATCOM  Terminal  consists  of  an  equipment  shelter  (or  van)  which  houses 
the  various  types  of  electronic  equipment  (transmitters,  receivers,  modems,  processors, 
environmental  control  equipment,  etc.);  an  antenna  structure  of  one  type  or  another;  a power 
module  (if  the  terminal  has  no  access  to  local  utMity  power  mains);  a site  ground  field;  and  the 
associated  cabling  required  for  communication,  status  indication,  and  control  between  all 
component  subsystems.  Such  a system  is  shown  in  Figure  1 . 

A somewhat  more  complex  system  is  illustrated  in  Figure  2.  Ffere  an  electronics 
module  at  a remote  site  may  communicate  with  a control  site  over  a I ine-of-sight  microwave 
link  of  many  miles,  perhaps  50  to  100  miles,  with  environmental  conditions  extremely  dlffe'^ent 
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Figure  I.  fkjsic  Tmpsportablo  SATCOM  Terminal 
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at  each  site.  For  example,  the  remote  site  terminal  could  have  been  located  on  a snovv'  covered 
rock-based  mountain  ridge  v/hile  the  central  site  is  settled  in  a moist  fertile  valley  plain. 

(The  pov/er  generators  have  been  purposely  omitted.) 

3.0  SPECIFICATION  REQUIREMENTS 

Today,  transportable  SATCOM  terminals  are  required  to  withstand,  without 
damage,  the  effects  of  direct  lightning  strokes.  More  and  more  they  are  being  required  to 
withstand  the  effects  of  exo-atmospheric  nuclear  detonations,  which  are  the  source  of  EMP. 
And,  as  always,  an  adequate  grounding  system  must  be  provided  to  assure  that  tne  installation 
will  meet  its  performance  requirements.  Military  specifications  such  as  M I L-STD- 1 541 , MiL- 

2 3 

STD-1542,  and  MIL-B-5087  (ASG),  which  specify  bonding,  grounding,  shielding,  filtering, 

ond  lightning  protection  procedures  are  being  imposed.  Military  specifications  such  as  MIL- 
4 5 6 

STD-461A,  MIL-STD-462,  and  MIL-E-6051D,  which  specify  radiated  and  conducted 
emissions  and  susceptibility  limits,  test  procedures,  and  electromagnetic  compatabi I ity  margins 
are  being  imposed.  For  terminals  to  be  lototed  in  Western  Europe,  various  CISPR  (Comite 
International  Special  des  Perturbations  Radicelectriques  - International  Special  Committee  on 
Radio  Interference)  regulations  concerning  interference  control  and  safety  procedures  apply. 
One  of  the  most  familiar  foreign  specifications  being  applied  to  U.S.-made  equipment  is  VDE 
0875.^  VDE  is  the  abbt eviation  for  Verband  Deutscher  E lektrotechniker , an  association  of 
West  German  engineers,  comparable  to  our  own  Institute  of  Electrical  and  Electronic  Engineers 
(IEEE),  combined  with  the  Underwriters  Laboratories  (UL)  who  have  an  effect  on  West  German 
legislation.  VDE  participates  in  CISPR,  and  many  requirements  are  common.  Last  but  by  no 
mean'  least,  more  systems  are  being  required  to  be  designed  in  accordonce  with  the  Defense 
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Nuc  I ear  Agency  (D  N A)  Handbooks  -DNA2113H“1,  DNA211 3H~2 , and  DNA  2113H“3,  ~ 

which  give  guidance  for  protection  against  the  effects  of  EMP. 

It  would  seem  at  first  glance  that  it  might  be  Impossible  to  satisfy  oil  of  the  above 
requirements  at  the  same  time;  to  be  sure,  compromises  must  at  times  be  made  to  assure  that 
mission  critical  performance  is  given  its  proper  priority  along  with  the  safety  of  personnel  and 
equipment . 

4.0  PROTECTION  REQUIREMENTS 

From  a simplistic  standpoint,  the  four  basic  requirements  imposed  upon  a trans- 
portable SATCOM  terminal  are  that; 

• It  must  meet  its  performance  requirements. 

• It  must  not  be  damaged  by  direct  lightning  strokes. 

• Its  specified  performance  parameters  must  not  be  degraded  beyond  allowable 
tole.ances  due  to  the  effects  of  EMP. 

• It  must  be  safe  tor  personnel  to  work,  in,  on,  or  about,  regardless  of 
natural  or  man-made  environmental  conditions. 

A.  Performance  Requirements 

Suffice  It  to  'ay  that  some  minimum  grounding  system  is  required  to  assure  that  the 
system  will  meet  it<  requirements  relative  to  performance  specifications  and  that  a suitable  one, 
Including  a site  ground  field,  has  been  determined,  designed,  and  Installed.  This  may  be  a 
single-point  ground  system  (also  called  "crows-foot"  or  "Christmas-tree"  ground  systems'  or  a 
multipoint  ground  system  (either  purposely,  inadvertently,  or  through  careful  compromise).  It 
may  require  anywhere  from  o 1-,  5-,  or  10-ohm  D.  C.  ground  resistance  to  earth  to  no  purposeful 
ground  connection.  The  techniques  for  assuring  an  adequate  system  ground  for  performance 


purposes  lie  essentially  in  providing  odequate  gauge  copper  grounding  conductors,  interfaced  at 
busses  or  common  points  in  a manner  which  minimizes  the  inherent  added  resistance  of  any 


connection;  in  providing  suitable  protection  against  corrosion  and  galvanic  action  through  the 
careful  choice  of  materials  and  plating;  and  in  providing  the  design  of  th"  site  'earthing"  field, 
after  taking  into  consideration  the  characteristics  of  the  soil  conditions  at  tha^  particular  location. 
B.  Lightning  Protection 

The  fundamental  characteristic  of  a lightning  protection  system  for  a SATCOM 
Terminal  is  that  it  be  devised  so  that  the  current  produced  by  o direct  stroke  may  enter  or  leave 
the  earth  without  passing  through  either  o nonconducting  part  of  the  terminal  elements  or  through 
a conducting  portion  of  the  elements  which  would  be  unable  to  pass  the  current  without  su.fering 
damage  or  catastrophic  destruction.  As  previously  illustrated  in  Figures  1 and  2,  representative 
SATCOM  terminals  consist  of  an  antenna  structure,  an  electronics  equipment  shelter  for  van', 
and  in  many  instances  (although  not  all),  a power  module  consisting  of  some  type  of  internal 
combustion  engine-generator  set,  or  battery-inverter  set,  or  both.  Since  the  antenna  structure 
portion  of  any  terminal  is  usually  the  highest  of  the  three  basic  elements,  there  is  a very  high 
probability  of  it  becoming  part  of  the  lightning  current  path.  The  other  units,  being  somewhat 
lower  usually,  are  not  as  apt  to  be  struck;  however,  in  many  coses  It  is  desirable  to  provide  them 
with  protection  "just  in  case.  " I am  sure  all  of  you  ore  aware  of  the  fact  that  lightning  is  very 
strange  phenomenon  and  thot  there  are  many  recorded  instances  where  it  didn't  "behove  as  it  wos 
supposed  to . " 

1 . Antenna  Structures 

The  antenna  Itself  and  the  structures  which  support  it  must  have  adequate 
protection  to  prevent  lightning  strokes  from  causing  damage  to  the  . et. 
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l-he  transmission  lines,  and  associated  equipment  located  both  on  the  antenr 
structure  as  well  as  in  the  equipment  van.  To  provide  an  antenna  with  pro- 
tection and  to  ensure  that  the  strike  will  travel  to  ground  by  a predetermine 
route,  it  is  necessary  to  provide  a path  which  has  a very  low  impedance  ovi 
the  frequency  spectrum  generated  by  the  lightning  impulse.  Essentially,  th 
predetermined  path  must  "short  circuit"  the  antenna  and  its  supporting  struc 
One  way  of  doing  this,  for  antennas  whose  radiation  pattern  is  not  degrade 
past  specified  performance  fxarameters,  is  to  install  an  air  terminal  (lightnir 
rod)  to  the  uppermost  edge  of  the  antenna.  This  air  terminal  must  be  long 
enough  so  that  an  adequate  "cone  of  protection"  is  provided  to  enclose  the 
antenna  itself  and  all  structural  elements. 

Figure  3(A)  illustrates  the  cone  of  protection  provided  by  a single  conduct 

point,  P,  suitably  grounded.  This  figure  is  Identical  to  Figure  7-A  of  MIL- 

50876  (ASG).  ^ It  may  be  noted  that  this  cone  consists  of  the  spoce  under 

apex  of  an  Imaginary  cone  whose  included  angle  is  120  when  rotated  aboi 

vertical  line  between  the  point,  P,  and  the  earth.  The  angle  of  the  conic( 

o o 12 

surface  relative  to  that  vertical  line  is,  of  course,  1/2  of  120  or  60  . 

13  , , 

Such  a cone  is  considered  to  provide  99%  effective  protection.  If  the  a 
of  the  conical  surface  relative  to  the  vertical  is  reduced  to  45  (90  includ 
angle),  the  protection  afforded  is  said  to  become  99.9%  (refer  to  Figure  3 
For  reasons  of  cost-effectiveness,  only  the  60  angle  will  be  considered  he 


Figure  4 illustrates  a very  basic  antenna  structure  indicating  how  the  air 
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Figure  4.  Lightning  Protection  of  a Basic  Antenna  Structure 


terminal  Is  attached  to  the  upper  edge  of  the  reflector.  It  is  very  important 
to  note  that  the  air  terminal  base  or  holder  must  be  bonded  electrically  to  the 
antenna  itself  to  avoid  "flashover"  due  to  differences  in  potential  during  a 
strike . 

Also  noteworthy  in  the  figure  is  the  connection  between  the  base  of  the 
air  terminal  and  some  common  point  on  the  structure  supporting  the  reflector, 
which  in  turn  traverses  the  elevation  bearing  and  is  connected  to  the  lower 
portion  of  the  antenna  structure,  from  which  point  a connection  Is  made  to 
a lightning  ground  rod  located  close  to  or  beneath  the  antenna  structure.  It 
is  not  desirable  that  direct  stroke  current  pass  through  the  elevation  gears  or 
bearings.  The  jumper  cable  bypasses  or  short-circuits  that  path.  All  down- 
conductors  from  the  base  of  the  air  terminal  consist  of  a suitably-sized 
stranded  copper  cable  such  as  welding  cable.  Each  lightning  ground  rod 
consists  of  a copper-clad  steel  rod,  a minimum  of  5/8  Inch  but  preferably 
3/4  inch  in  diameter,  and  of  adequate  length  (consisting  of  two  sections 
for  ease  of  installation). 

A simple  protection  system  as  described  above  is  suitable  for  antennas  which 
are  fixed  in  azimuth,  or  which  have  their  azimuth  adjusted  by  either  physically 
realigning  the  antenna  on  the  site,  or  for  truck  roof-mounted  antennas  which 
may  have  their  antenna  base  (the  truck)  "aimed  " in  a different  direction. 

For  the  case  where  azimuth  adjustability  is  designed  into  the  antenna  structure, 
provision  must  be  mode  to  bypass  the  azimuth  gears  and  bearings  also.  This  is 
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done  by  routing  a suitably  sized  copper  conductor  down  into  the  coble  wrap 
area  where  it  will  encircle  the  axis  of  azimuth  rotation  the  required  amount 
to  allow  for  unimpeded  antenna  rotation.  It  then  exits  the  cable-wrap  area 
and  is  routed  to  a lightning  ground  rod  beneath  the  antenna.  All  component 
metallic  members  of  which  the  antenna  structure  is  comprised  should  be 
electrically  continuous  to  the  common  bonding  points  on  the  upper  and  lower 
antenna  structures  to  prevent  flashover  during  a direct  stroke. 

2.  Equipment  Shel ters 

Most  equipment  shelters  utilizing  the  SATCOM  Systems  consist  of  metallic 
outer  skins,  and  there  is  at  least  one  ground  stud  connecting  the  metallic 
shelter  back  to  the  System  Ground  Point  (SGP).  To  protect  against  the 
possibility  of  a direct  lightning  stroke  to  the  shelter  with  uncontrolled 
current  paths  to  earth,  air  terminals  are  usually  attached  to  the  shelter  in 
such  o way  that  those  currents  are  routed  directly  to  earth. 

Figure  5A  illustrates  an  equipment  shelter  which  is  protected  by  one 
lightning  rod.  The  assumption  here  is  that  the  aii  terminal  Is  high  enough 
to  fully  enclose  the  entire  shelter  within  the  required  60°  "cone  of 
protection."  Figure  5B  illustrates  the  use  of  two  air  terminals  to  protect 
either  a larger  shelter  or  the  use  of  two  shorter  probes  rather  than  one  long 
one.  In  this  case,  for  more  efficient  coverage,  each  probe  would  be  on  a 
cornet  diagonally  opposite  to  the  other. 

If  should  be  noted  that  the  air  terminals  may  be  mounted  at  any  convenient 
location  atop  the  shelter  which  provides  the  overlapping  cones  of  protection. 
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Figure  5A.  Equipmenf  Shelfer  Protected  by  One  Air  Terminal 


Figure  5B.  Equipment  Shelter  Protected  by  Two  Air  Terminals  [ 

i 
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as  long  as  each  air  terminal  has  its  own  down -conductor  and  ground  rod 
located  directly  beneath.  The  minimum  bend  radius  in  the  down -conductor 
must  be  8 inches,  and  the  maximum  angle  formed  by  the  conductor  should  not 
be  greater  than  90°.  The  air  terminal  or  the  down -conductor  must  be  connected 
to  the  metallic  skin  of  the  shelter  at  the  highest  convenient  point  on  the 
shelter  to  prevent  flashover.  In  some  instances,  the  shelter  skin  itself  may 

be  utilized  as  part  of  the  down-conductor  system,  or  it  may  be  used  as  a ^ 

redundant  or  "backup"  part  of  it.  1 

Figure  6 illustrates  the  use  of  multiple  air  terminals  and  grounding  rods  to  pro- 
tect a complex  of  two  abutted  equipment  shelters.  Also  to  be  noted  are  the 
height  of  the  air  terminals  required  to  provide  the  cones  of  protection  and  the 
fact  that  the  shelter  metallic  skin  is  used  as  part  of  the  down -conductor 
system . 

Figure  7 illustrates  a possible  connection  of  an  air  terminal  at  the  top  of  a 
welded  corner-seam  shelter,  and  Figure  8 is  a representative  connection  of 
the  down-counter  near  the  bottom  of  the  shelter.  The  air  terminal  adaptor 
and  the  down -conductor  flange  must  be  either  welded  to  the  shelter  skin  oi 
provided  with  electrically-conductive  surfaces  sui tably -plated  or  otherwise 
protected  against  corrosion. 

3.  Combined  Protection 

Figure  9 illustrates  how  a single  air  terminal  moy  be  used  to  protect  both  the 
antenna  and  the  equipment  shelter  (or  vehicle)  which  supports  it.  Figure 

lOA  shows  a phased  array  antenna  mounted  atop  its  associated  electronics  I 
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Figure  6.  Equipment  Shelter  Complex  Protected  by  Multiple  Air  Terminals 


COAT  MATING  SURFACES  FOR 
CORROSION  PROTECTION 
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Figure  7.  Possible  Connection  of  Air  Terminal  at  Top  of  Welded  Seam  Shelter 
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Figure  8.  ConnecHon  of  Down-Conductor  Near  Bottom  of  Welded  Seam  Shelter 
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Figure  9.  Air  Terminal  Providing  Protection  to  Both  Antenna  and  Shelter 
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Figure  lOA.  Single  Air  Terminal  Mounted  on  Antenna  to  Protect  Both  Antenna  and  Shelter 
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Figure  lOB,  Air  Terminals  Mounted  on  Shelter  to  Protect  Antenna  and  Shelter 


-300- 


equipment  sheltei  . Assuming  tl»at  the  air  terminal  would  not  affect  the 
radiation  patterns  of  the  "steered"  beam,  then  the  use  of  one  such  terminal 
could  be  used  to  protect  both  the  array  and  the  shelter.  If  for  some  reason  it 
was  more  desirable  to  install  the  lightning  protection  on  tfie  shelter  rather 
than  the  antenna  then  a scheme  such  as  indicated  in  Figure  lOB  could  be 
implemented.  In  both  cases  it  is  assumed  that  the  arroy  structure  is  fixed  as 
shown  and  only  the  beams  are  adjustable  in  azimuth.  It  goes  without  saying 
that  the  air  terminals  would  have  an  effect  on  the  radiation  pattern  if  they  are 
directly  in  the  path  of  the  beam. 

Figure  11  is  an  artists  conception  of  an  actual  tower  (admittedly  not 
transportable)  upon  which  is  mounted  a multitude  of  antennas  and  which 
contains  associated  equipment  shelters  and  other  ancillary  gear  within.  The 
manner  in  which  this  particular  tower  is  protected  against  lightning  is  illus- 
trated in  Figure  12.  It  should  be  noted  that  if  the  radome  or  canopy  which 
covers  the  antenna  atop  the  tower  were  not  supported  by  conducting  tubing, 
but  rather  was  entirely  non-conductive , then  discrete  down-conductors  would 
be  required  between  the  air  terminal  around  the  canopy  to  the  main  down- 
conductors.  And  if  the  air  terminal  were  not  high  enough,  there  would  be 

a danger  zone  within  the  canopy  as  illustrated  in  Figure  8B  of  MIL-B-5087 

14 

(ASG)  as  reproduced  here  in  Figure  13.  The  point  to  be  made  here  is  that 
there  is  always  some  height  of  the  air  terminal  associated  with  the  proper 
protection  of  any  structure.  The  reason  for  Including  a discussion  of  a non- 
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Figure  11  . Tower-Mounted  Antennas 
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Figure  12.  Lighfning  Protection  for  Tower-Mounted  Antennas 


transportable  structure  here  is  to  illustrate  this  point,  since  a radome  could 


be  a pai  t of  a transpoi  table  terminal. 

4 . Power.  Modules 

In  many  cases,  the  power  module  (engine  generator  or  whatever)  is  located 
near  enough  to  the  protected  antenna  or  equipment  shelter  to  fall  within  the 
"cone  of  protection"  provided  by  the  air  teiminals  on  those  structures.  If 
this  should  not  be  the  case,  then  an  air  terminal  may  be  provided  for  the 
power  module  to  give  it  individual  protection.  Figure  14  illustrates  this 
pr  inc  iple . 

5.  Electrical  Surge  Arrestors 

If  even  with  the  protection  provided  against  direct  lightning  strokes  It  is 
determined  that  significant  surge  currents  and  voltages  will  appear  on  power 
and  signal  lines,  then  Electrical  Surge  Arrestors  (ESA's)  may  have  to  be 
installed  at  the  points  where  these  currents  and  voltages  may  be  shunted 
harmlessly  to  earth,  before  they  reach  sensitive  circuitry  which  could  be 
damaged.  Examples  of  surge  arrestors  are  the  familiar  carbon  block,  boll  gap, 
gas-filled  spark  gap,  SCR's,  diodes,  zener  diodes,  capacitors,  voltage-variable 
resistor's,  as  well  as  EMI-type  power  line  and  signal  line  filters.  The  above  ore 
oftentimes  used  In  conjunction  with  each  other  to  limit  initially  gieat  voltages 
and  currents  to  those  levels  which  can  be  withstood  by  sensitive  circuits. 

One  such  device,  used  to  protect  power  lines.  Is  illustrated  in  Figure  15.^^ 
Another  scheme  used  to  provide  protection  at  the  circuit  level  Is  shown  in 
Figure  16. 
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Figure  13.  Secfional  View  Showing  Inadequate  Protective  Zone  Created  Within 
Canopy  With  Too  Low  an  Air  Terminal 


Figure  14.  Lightning  Protection  for  Power  Modules 
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Flaure  15.  ESA  Configuration  and  Schematic 


Ik 


How  these  devices  are  selected  is  the  subject  foi  an  entire  paper  in  itself 
and  will  not  be  gone  into  here.  Suffice  it  lo  say  that  there  aie  many 
parameters  which  must  be  considered,  the  most  important  two  of  which  ore 
the  ability  of  the  circuitry  to  function  properly  with  the  protection  device 
attached  and  the  energy  handling  capability  of  the  device  itself.  The  most 
essential  aspect  of  any  of  these  devices  is  that  they  be  installed  in  such  a 
manner  as  to  present  an  extremely  low  impedance  at  the  highest  frequency 
associated  with  the  disturbance,  and  that  the  associated  currents  are  diverted 
directly  and  harmlessly  to  earth.  ESA's  on  power  lines  are  located  at  the 
power  Input/Output  (I  'O)  panel,  which  Itself  is  bonded  to  the  shelter  (or 
power  module)  metallic  skin,  to  which  a ground  conductor  Is  connected  to 
the  site  ground  field.  The  lightning  rods  also  will  provide  a connection  to 
earth.  ESA's  on  signal  lines  may  be  installed  at  the  point  of  penetration 
into  the  shelter  (or  antenna-mounted  equipment),  as  well  as  further  down 
Into  the  actually  equipment  racks,  chassis,  modules,  or  circuits. 

C . EMP  Protection 

To  a large  extent  the  practices  used  to  protect  transportable  SATCOM  terminals 
against  the  effects  of  direct  strokes  of  lightning  will  also  provide  protection  against  EMP.  The 
most  significant  differences  are  thot  the  structures  themselves  and  the  associated  cabling  act  os 
antennas  which  can  pick  up  significant  peak  currents  as  a result  of  "receiving"  the  energy 
associated  with  the  EMP,  and  that  there  is  significant  energy  out  to  much  higher  frequencies. 
Therefore,  more  attention  must  be  given  to  providing  low-inductance  paths  for  the  EMP-related 
currents  to  flow  to  earth. 
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1 . Antenna  Structures 


All  metallic  members  of  the  antenna  structuie  itself  - suppoits,  tie  downs, 
joints,  grounding  system  components  - os  well  os  ontenno-mounted  equipment, 
such  os  data  boxes,  junction  boxes,  ozimi.  th  and  elevation  drive  motors, 
actuators,  and  gear  boxes,  must  be  bonded  together  into  o low-electrical - 
impulse-impedance  moss  which  is  intimate'/  connected  to  the  earth  grounding 
system.  All  joints  must  be  electrochemical!/  compatible  and  protected  against 
the  elements • 

Areas  at  which  mechanical  members  interface  should  be  free  of  nonconductive 
material  such  as  paint,  oil,  grease,  etc.,  and  may  be  treated  to  provide  an 
electrically  conductive  mating  surface.  Irridite  provides  such  a surface. 

2.  Equipment  Shelters 

All  joints,  I,  O panels,  air  intake  and  exhaust  panels,  access  ports,  and  doors 
must  be  treated  to  provide  continuous  conductive  surfaces  throughout.  This 
prevents  EMP-induced  skin  currents  from  producing  potentially-harmful  fields 
at  points  of  discontinuity.  The  shelter  ground  stud  must  be  connected  to  the 
site  ground  field  using  as  low  an  impedance  path  as  feasible. 

3.  Power  Modules 

The  same  requirements  which  apply  to  Equipment  Shelters  also  apply  to  power 
modules . 

4.  Electrical  Surge  Arrestors 

The  same  types  of  Electrical  Surge  Arrestors  (ESA's)  which  were  used  for  pro- 
tection against  lightning-induced  voltages  and  currents  may  be  used  for 
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prol’ection  against  EMP-induced  voltages  and  currents.  Care  must  be  taken  to 
determine  if  the  protection  circuitry  can  withstand  higher  residual  energy 
levels  downstream  from  the  ESA.  This  is  because  the  firing  point  of  ESA's 
of  all  types  is  a function  of  the  rise  time  of  the  impinging  waveform  and 
because  the  rise  time  of  EMP-induced  transients  is  much  shorter  than 
lightning-inducted  transients. 

5.  Cable  Shields  and  Connectors 

Cable  shields  must  be  as  continuous  as  feasible,  solid  rather  than  braided  if 
possible,  and  must  be  peripherally  bonded  to  connectors  which  maintain  the 
shielding  effectiveness  of  the  cable  shield  at  both  the  cable  shield  end  and 
at  the  I/O  panel,  so  that  EMP-induced  currents  on  the  shields  may  be 
"stripped"  or  "combed"  off  at  the  I 'O  panel  and  directed  harmlessly  to  earth. 
Connectors  must  obviously  interface  at  conductively-plated  surfaces. 

6.  Cable  Routing 

All  cabling  between  the  Antenna  ond  the  Equipment  Shelter  should  be  bundled 
together  ond  routed  over  a site  ground  field  which  is  located  as  centroliy 
as  possible  between  the  two  terminal  elements.  Ihe  purpose  of  this  Is  to 
reduce  loop  ortKis  presented  by  the  various  cables  in  order  to  minimize  the 
pickup  of  EMP-induced  currents.  All  cable  connections  should  be  made  to 
the  same  side  of  the  shelter  to  minimize  shelter  skin  currents. 

D.  Personnel  Safety 

Incorporation  of  the  above  techniques  for  reasons  of  system  performance,  lightning 
protective  and  EMP  protection  to  a great  extent  assures  that  oil  metallic  objects  and  structures 
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which  comprise  a transportable  SATCOM  terminal  will  be  at  or  near  equipotential  voltage  levels  - 
thus  rendering  those  structures  safe  for  personnel  to  work  In,  on,  and  about. 

5.0  TYPICAL  INSTALLATIONS 

Figure  17  illustrates  o recent  transportable  SATCOM  terminal  upon  which  both  lightning 
and  EMP  requirements  were  imposed.  Several  items  to  note  have  to  do  with  the  routing  of  cables 
(including  the  grounding  conductors),  the  central  location  of  the  site  ground  field,  the  lightning 
protection  on  the  shelter,  but  especially  the  lightning  protection  on  the  antenna.  Since  the 
antenna  was  required  to  provide  360  of  ozimuth  rotation  and  90°  of  elevation  adjustment,  one 
air  terminal  was  located  on  the  upper  edge  of  the  parabolic  dish,  and  another  on  the  feed, 
perpendicular  to  the  dish,  of  such  a length  and  in  such  a manner  as  to  provide  the  required  cone 
of  protection  (120  included  angle)  regardless  of  antenna  orientation.  At  the  base  of  each  air 
terminal  (which  was  electrically  connected  to  the  antenna  at  that  point),  an  AWG  4/0  insulated 
copper  conductor  was  attached  and  routed  between  the  two  air  terminals,  and  another  was  attached 
and  routed  to  an  insulated  terminal  located  above  the  azimuth  plane.  A single  AWG  4/0  insulated 
copper  conductor  was  routed  through  the  azimuth  cable  wrap  to  the  base  of  the  antenna  pedestal 
and  terminated  at  a single  earth  electrode  (ground  rod),  driven  full  depth  (minimum  exposed  portion) 
Into  the  soil  beneath  the  antenna.  The  ground  rod  was  10  feet  in  length  (two  5-foot  sections),  0.75 
inch  diameter,  copper-clad  steel.  The  lightning  rods  were  constructed  of  copper-clad  steel,  and 
each  rod  had  a tapered  point. 

The  shelter  lightning  ground  system  consisted  of  two  air  terminals  (lightning  rodsl 
located  on  diagona I ly-opposite  upper  corners  of  the  shelter.  Each  rod  was  of  sufficient  length  to 
completely  enclose  all  surfaces  of  the  shelter  within  a cone  of  protection  from  either  or  both  of  the 
rods.  Each  lightning  rod  was  firmly  attached  to  the  shelter  structure  via  a welded  receptacle.  An 
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Figure  17.  Typical  SATCOM  Terminal 


indepondont  AWG  4/0  insulotod  copper  conductor  was  connected  to  tfie  lower  section  of  the 
dlogono  I ly-opposi  te  cornets  to  terminate  on  individual  earth  idectiodes  (ground  tods)  beneath. 

The  ground  rods  were  identical  to  that  beneath  the  antenna.  The  site  ground  field  is  Illustrated 
in  Figure  18.  The  ground  field  was  located  in  as  central  a position  as  practical  between  the 
Shelter  and  the  Antenna.  It  consisted  of  five  copper-clad  ground  rods,  3 4 Inch  in  diametei , 
and  10-feet  long  (sectionalized),.  on  approximately  10-foot  spacing,  in  a pentagon  configuration. 

A 1 2-inch  thick  copper  plate  8 inches  wide  by  13  inches  long  was  located  in  the  approximate 
center  of  the  pentagon.  Connections  between  rods  and  between  the  rods  and  the  plate  were  made 
with  AWG  4/0  copper  coble.  An  AWG  4/0  copper  cable  connects  the  copper  plate  to  the  shelter 
ground  stud,  and  to  the  antenna  ground  plate  using  the  most  direct  run  possible. 

Spark  gaps  are  installed  on  the  Inside  of  the  power  Input  panel  on  the  AC  power 
conductors  to  limit  the  surge  currents  into  the  shelter  power  line  filters.  B*ack-to-back  zener 
diodes  are  installed  on  the  inside  of  the  signal  input  panel  between  each  of  the  command  lines 
and  the  command  return  lines.  A 3.9  pF,  10-volt,  solid-electrolyte  tantalum  capacitor  wos 
instolled  on  the  inside  of  the  signol  input  panel  between  each  of  the  status  lines  and  the  status 
return  line . 

Figure  19  shows  an  isometric  view  of  another  S A1  COM  Terminol  w ith  the  same-si  zed 
equipment  shelter  but  with  a much  different  antenna  configuration.  The  site  ground  field  was  the 
same  as  illustrated  in  Figure  18.  The  shelter  lightning  protection  was  the  same  os  discussed  for 
the  previous  installation . The  ESA's  installed  at  the  equipment  shelter  were  also  the  some  as 
discussed  earlier.  The  antenno  structure,  however,  is  significantly  different  end  the  antenno  of 
much  greoter  size  and  different  design.  Lightning  protection  is  provided  by  locating  two  air  terminals 
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Figure  18.  Site  Ground  Field  - Typical  (Plan  View) 
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at  right  angles  to  one  another  at  the  uppermost  portion  of  the  reflector  (Refer  to  Figure  20).  Insulated 
AWG  4 0 copper  conductors  are  routed  from  the  base  of  the  air  terminals  over  the  back  side  of  tfie 
reflector,  into  the  hub  area  and  across  the  elevation  bearings,  dov/n  into  the  upper  pedestal  base 
which  comprises  the  cable  wrap  area,  and  down  the  Inside  walls  to  through-studs  conveniently- 
located  for  connection  to  the  lightning  ground  field  beneath  the  antenna  pedestal  support  pad. 

The  lightning  ground  field  is  as  illustrated  in  Figure  21  . 

In  both  Illustrations  every  effort  has  been  made  to  provide  as  low  an  impedance  path 
as  possible  for  both  lightning  and  EMP-induced  currents  to  earth.  The  larger  antenna  structure, 
because  it  has  its  own  AC  power  input,  also  has  spark  gap  ESA's  installed  at  its  power  I O panels. 

In  addition,  because  of  the  open  nature  of  the  antenna  pedestal,  EMI-type  filters  ore  installed  in 
front  of  exhaust  fan  motors  within  the  upper  structure. 

6.0  SUMMARY 

A great  deol  is  known  of  the  phenomena  of  both  Lightning  and  EMP,  and  protective 
measures  have  been  and  are  being  devised  to  proteci  oeople  and  objects  from  their  effects. 

The  same  principles  which  protect  power  lines,  smokestacks  and  chimneys,  radio  ond 
TV  transmission  towers,  trees,  houses,  and  boots  from  the  effects  of  lightning  need  to  be  adapted 
and  incorporated  to  the  greatest  extent  possible  to  protect  transportable  SATCCM  terminals.  his 
includes  the  Installation  of  air  terminals  to  provide  adequate  "Cones  of  protection,"  sultabillty- 
si^ed  down-conductors  to  minimize  the  impedance  of  the  path  to  a suitable  earth  connection  which 
usually  consists  of  one,  but  may  consist  of  several  ground  rods.  In  addition,  analysis  is  required  to 
deterrtrine  I f any  additiono I protection  in  the  form  of  Electrical  Surge  Arrestors  (ESA's'  is  required 
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Figure  20.  Liglitning  Protection  of  l.oige  Antenna 
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Figure  21.  Lightning  Ground  Field  for  Large  Antenna 


on  power  and  signal  lines.  The  devices  must  be  located  in  the  proper  place  and  installed  in  the 
correct  manner  . 

The  practices  used  as  protection  against  lightning  also  serve  to  provide  a measure  of 
protection  against  the  effects  of  EMP,  but  because  of  the  significantly  higher  frequency  spectrum 
involved,  attention  to  the  details  of  low  impedance  bonding,  grounding,  shield  termination,  and 
connector  interfaces  are  of  much  greater  importance.  Also,  the  rate  of  rise  of  the  surge  becomes 
very  important  due  to  its  effect  on  the  firing  voltage  of  ESA's.  A very  low  impedance  connection 
between  the  ESA  and  earth  olso  takes  on  greater  importance. 

In  conclusion,  if  there  is  one  aspect  of  both  lightning  protection  and  EMP  protection 
which  stands  out  to  be  crucial  above  all  others,  I believe  that  to  be  effective  grounding. 
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ABSTRACT 


The  projx'r  RroundinfC  is  one  of  the  most  imixirtant  considerations  tor  FTectro- 
macpietic  Interference  (KMI)  control.  Tlie  analysis  aixl  the  test  results  of  complex 
electric;il  anti  electronics  systems  have  shown  that  the  majority  of  the  Electro- 
mafjnetic  Compatibility  (KMC)  problems  ai'e  tlirectly  attributed  to  the  existing 
absolute  (^roundins  systems. 

All  the  system  electrietd  and  structural  components  must  bo  maintained 
at  the  same  reference  potentiid  in  order  to  accomplish  interference  supi^ression 
throusrh  an  effective  ^'oundinc;  system.  The  basic  objective  of  the  (rpoundins^  is 
to  prevent  the  transfer  of  :my  ejenerated  electromagnetic  interference  from  one 
component  to  another  component  of  the  system.  In  addition,  the  safety  of  the 
personnel  ;md  the  electricud  ;uid  electronics  systems  must  be  considered.  This 
objective  is  accomplished  by  desip:nins:  one  or  several  (rroundina;  planes  combined 
at  one  common  reference  point.  In  airborne  systems  the  (ground  provisions  ;u'C 
made  usinc;  the  airframe,  ddie  common  reference  point  is  provided  by  the  earth 
(grounding  for  the  land  inst;dlations. 

The  effectiveness  of  the  <froundin<j  system  is  often  deixmilcnt  upon  the  methcnls 
used  for  bonding.  The  thcoreticid  analysis  of  the  bondiiis:  jumix?r  p:mameters  at 
RK  frequencies  is  m;ule  for  low-  impodiuice  requirements. 
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THEOKETICAL  ANALYSIS  AND  CESIGN  TECHNIQUES 
FOP  GPOUNDING  TO  ACCCMPLISH  EXI  CCJmOL 


Victor  Mutaffer  TurcBln,  Lockheed  Aircraft  Corporation 
Lockheed  Mlaellea  and  Sjace  Cccpeny,  Incorj’orated 
Sunnyvale,  California 


The  i;roj>er  j^roundlri*:  le  one  of  tl»e  most 
Impcr'^nt  considerations  for  Electrc»magnetlc 
Interference  (EMI ) control.  In  the  past  the 
terc  grounding  has  been  ^sed  In  the  addltlorAl 
sense  of  utilizirig  structure  as  the  return 
path  for  conpletlr4g  the  circuits.  This  has 
beer;  ccaocr.  p!’actlce  Ir.  the  aircraft  and 
autonohlle  industry,  hut  with  the  advent  of 
much  more  sophisticated  and  sensitive  syetaaa, 
utilization  of  proi.'erly  designed  ground  has 
beCvTDe  one  of  the  basic  requirements.  The 
ar.alyT?ls  and  the  test  results  of  complex 
electrical  and  electronics  systems  have  shown 
that  the  najority  of  the  Electroragnetlc 
Carratihllity  (EMC)  problems  are  directly 
attributed  to  the  existing  absolute  grounding 
systems. 

All  the  system  electrical  end  structural 
components  must  be  maintained  at  tne  same 
reference  potential  in  order  to  accomplish 
1 nterffrence  suppression  through  an  effective 
grounding  system.  The  basic  ob^^ective  of  the 
grour.ling  Is  to  prevent  the  transfer  of  any 
generated  e’ectr .magnetic  interference  frcm 
one  •.•mponent  to  another  ccc-jonent  of  the 
system.  In  addition,  the  safety  of  the 
jersonnel  an  1 the  electrica..  and  electronics 
systcc.s  must  be  considered.  This  objective  is 
accomplished  by  xieslgnlng  one  or  several 
grounling  planes  cazbined  at  one  cocmon 
reference  point.  In  airborne  systems  the 
ground  provisions  are  n.ade  using  the  airframe. 
The  • ■m.mon  reft^rer.ct'  p*olr:t  is  provided  by  the 
ear:h  grounding  for  the  land  installations. 

The  effectiveness  of  the  grounding  system 
is  of  ter.  iep-.-ndent  ujior.  the  metho^is  used  for 
: nJing.  The  theoretical  ar-.aly6i8  of  the 
‘or.llr;g  /umi'cr  paramete'-s  at  rT  frequencies 
1?  lu.ie  for  lew  imp -e dance  requi rerac nts. 

EAPTH  GROUNDIIKJ 

The  earth  grounding  must  provide  a low 
ir.pt*  lance  path  to  all  frequencies  to  the  soil 
:e.nt-ath  the  In.'^’^llatlrn.  The  soil  resis- 
tivity changes  by  the  following  paraneters: 

1.  The  moisture  content  of  the  soli. 

?.  Typie  of  soli  (clay,  sand,  gravel, 
roc  i<y ) . 

3,  Tempierature 

Diameter  and  flepth  of  the  rods. 

S,  flateriRl  of  the  rods  (copp«r-clad  is 
preferred). 

Prior  to  ♦he  construction  of  the  in- 
stallation the  soil  condition  of  tne  site 
should  be  determined  and  design  of  the  earth 
grounding  should  l>e  conducted  accordingly. 

The  ground  rod« , 3A  inches  In  dlaiueler  or 
larger,  (driven  into  the  penranen*  wat^r  table 
will  usually  provide  an  earth  connection  of 
O.h  ohms  or  .less.  It  is  recommended  that  the 
g.-cunllrig  rods  should  be  driven  at  leant  ’0 
fee*  leep.  The  resistance  to  earth  reasure- 


ments  of  the  grounling  rods  should  be 
conducted  during  the  installation  and 
periodically  afterward  [l]  . 

GFOUNT  RESISTANCE  MEASUREXENTS 

The  ground  resistance  measureaente  can 
be  presented  in  the  following  four  groups  [pj 

(1)  The  RF  (radio  broadcast)  method.  TYils 
method  is  used  primarily  when  the  conduct- 
ivity of  the  soil  between  two  points  spaced 
over  8 distance  of  fifteen  miles  or  greater 
is  to  be  determined.  Some  special  RF  equip- 
ment is  required  for  this  measurement. 

(2)  The  three-point  method.  In  addition  to 
grounding  rod  und^r  test  two  a-jcillary 
electrodes  are  used.  The  resistance  to 
earth  of  the  rod  and  the  auxiliary  electrodes 
are  measured  two  at  a tine  in  series.  This 
Is  possibly  the  simplest  method  requiring 
only  an  ohmmeter  or  resistance  bridge  and  a 
few  simple  calculations.  For  accurate  results 
the  resistance  of  the  ground  rod  and  the 
auxiliary  electrodes  should  be  In  the  same 
order  of  magnitude.  This  method  Is  not 
suitable  for  the  measurement  of  low  resistance 
grounds . 

(3)  The  fall-cf -potential  method.  Two  remote 
reference  grounds  are  used  for  this  measure- 
ment. The  method  involve  passing  a known 

ac  current  through  the  grounding  rod  under 
‘est  and  one  of  the  reference  ground  at  a 
time.  The  potential  drop  Is  recorded  each 
time  while  t.he  same  amplitude  of  current  is 
maintained.  The  resistance  Is  calculated  by 
..■sing  the  value  of  the  known  cu.nrent. 

(i*)  The  ratio  method.  A modified  wheatstone 
bridge  principle  is  used  for  this  method  by 
utilizing  two  auxiliary  electrodes  or  refer- 
ence ground  points.  The  ground  rod  resistance 
in  series  with  one  e-oxlllary  electrode  Is 
measured  by  using  a bridge.  The  ratio  of  the 
resistance  to  earth  of  the  ^Irst  auxiliary 
electrode  to  the  resistance  of  the  grounding 
rod  in  series  with  *he  second  auxiliary’ 
electrode  is  determined.  Multiplying  this 
ratio  by  the  series  resistance  measured  above 
gives  the  earth  resistance  of  the  grounding 
rod.  A specially  designed  and  manufactured 
Instrument  called  Vlbraground  is  caamerclally 
available  for  this  purpose. 

GPOUNI^  FLANK 

The  ground  plane  Is  defined  ss  a metal 
sheet  or  plate  used  as  a cuoiEcr.  reference 
point  for  all  associated  systeme.  'Hie  ideal 
grouiid  plane  would  provide  to  all  equlpcent  a 
ctmer.  pi'tentlal  reference  (zero-potential , 
zero-imj’e  ianc e system)  point  sc  that  no  volt- 
ages exist  between  ary  two  points  anywhere  in 
the  system.  The  Ideal  ground  plane  for  a 
farillty  sliould  consist  of  a continuous  sheet 
of  copp>er.  This  Is  not  practicsl  and  Is  very 
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exj-enslve  for  lar*?e  fa^-'llltles , therefore  a 
K.riJ  of  (i*-'  X 10  fet* * ) brazed  or  welded  heavy 
(•oner  ocnductors  (»^/0  AWC  or  larmier)  should 
t»e  used.  "This  (^rid  should  extend  at  least 
' feet  t>eyor.d  the  luildirv’  walls.  The  dc 
resistance  or  Imje.iai.v'e  to  earth  must  be 
maifjtaluei  very  low  by  using  a.lequete  ground- 
rods.  The  coj 1**  1 grounding  rods  are 
jr^f<*rred  t'ecause  the  jrlniary  conductor  Is 
sia  ie  uulng  higli-furlty  and  hi  gh-conductlvi  ty 
hr.  1 a 8* eel  core  Is  used  for  strength. 

The  radlhi  grt'und  systets  Is  very 
effective  *o  currents  free  Inter- 
ference :;.u:-ces  into  earth  . A genei-al 

armrigerren'  ot  radial  systec  shown  tn* 

Figure  1 desigru'd  to  provide  a very  low 
:a}.ediince  jath  to  'he  earth  for  KF  currer.ts. 
This  sys^cn  .’onsists  of  six  radial  lerlmeter 
reds,  (one-in>  h thlr^-w^lU.  coiIt*r  tubir^g), 
sjaoed  tO  degiees  aj*irt,  and  a center  rod 
which  Is  larger  tluin  the  jerlmeter  rods. 

Tlie  jericeter  rods  are  driven  30  feet  and  the 
cer.ter  rol  is  irlvet;  10  feet  Into  the  earth. 
Tlje  perimeter  rods  are  connected  to  the  center 
rod  using  12  feet  condu.'tors,  brazed  at  the 
Joints. 

GPgffTOING  CONTJUCTORS 

Skin  effect  Is  one  of  the  main  reasons 
f.  r the  high  imf'edance  of  conductors  at  RF 
frequencies.  This  becomes  more  noticeable 
if  stranded  cables  are  used  where  the  self- 
inluctance  of  the  cable  Increases  as 
frequency  Increases.  Therefore,  above  1>.XX) 

Hz  the  stivindei  conductors  should  not  be  used. 

Solid  conductors  should  be  used  if  the 
system  cj.'eratlonal  frequencies  are  above 
1 GHz.  For  medium  and  low  level  currents 
r ’urid  solid  conductors  and  for  large  amount 
of  currents  flat  conductors  or  copper  tubes 
are  recocnenied.  The  edges  of  the  flat 
conductor  should  be  rounded  (elliptical  cross 
section)  so  that  the  antenna  effect  of  the 
•orners  will  be  minimized. 

METHODS  OF  GROUNDING 

To  avoid  Interference  between  various 
system  functions  the  modern  facilities  have 
many  cejarate  grounding  systems,  such  as 
signal  grounds,  shield  grounds,  structural 
grounds,  lightning  grounds,  ac  power  primary 
and  secondary  grounds.  The  grounding  system 
design  should  consider  the  operational 
I>arameter6  (type  and  levels  of  the  signals, 
external  electromagnetic  environment)  and  the 
geometry  (distances  between  equipment, 
cabling  design,  metallic  building  structure) 
of  the  sysvem.  A high  frequency  oriented 
small  system  may  require  a multiple-point 
grounding  system.  For  a large  system 
utilizing  ilgltal  equlixnent,  single-point 
groundltjg  ma:,  be  adequate.  Regardless  of  the 
grounding  uppr^iach  selected,  grounding,  bond- 
ing, wire  routing  and  shielding  must  be 
considered  simultaneously  for  an  optimum 
design. 

Single-point  grounding.  Tlie  single  point 
grounding  Is  defined  as  the  connection  of 


return  (reference)  lines  to  one  Isolated 
ground  point  in  such  a way  that  the  undeslralie 
cofiHSon  mode  Imp^iance  coupllr.g  is  el  1ml  rated  [hJ  . 
For  an  Ideal  facility  grounding  system  sejara’s 
grou.nding  systm.  sejarate  grounding  buses 
extend  froo  a slr;gle  point  on  the  earth 
cour.terp'Olse.  The  slgi^l  returns  of  each 
system  are  corrected  to  these  ground  b'.^ee  as 
shown  In  Figure  2a  and  Figure  2b. 

The  system  level  single  point  ground 
may  be  acccEjllshed  by  using  one  of  the 
following  two  methods  or  by  cncblnlt.g  these 
two  methods. 

(1)  Cqnnor.  reference  point  for  separate 
system  lower  supplies.  In  this  design  the 
ret'-j’n  of  each  system  power  supply  is 
refe.’*enced  to  the  same  point  In  the  system 
as  shewn  in  Figure  2a.  The  same  reference 
point  for  the  system  could  l>e  provided  by 
using  an  Isolated  ground  stake  or  by  using  a 
coBDOn  uni -potential  ground  plane  with  sever'hl 
ground  stakes.  This  grounlir;g  method  is 
similar  to  multiple  point  grounding  except 
that  the  ground  plane  used  in  a multiple  point 
method  is  not  spjeclfled  as  a uni -potential 
ground  plane.  This  method  is  suitable  for 
large  facilities  provided  tha*  the  voltage 
drops  on  reference  lines  are  balanced  and 
capiacltlve  and  Inductive  coupling  cf  undesir- 
able energy  on  long  reference  lines  are 
minimized, 

(2)  Use  of  conaaon  power  s pily.  s method 
utilizes  a single  central  power  supply  for 

the  entire  system.  All  returns  are  termltaitel 
at  the  single  power  supply.  It  Is  desirable 
that  ail  power  and  slgr^al  lines  In  ’he  system 
are  routed  as  pieirs  with  the  reference  point 
placed  at  the  power  supply  as  sbnvn  In  Fig  2t'. 

Multiple-Point  grounding.  This  method  utilizes 
nAny  points  on  a ground  plane  for  the  system 
reference.  The  returns  of  each  power  supply 
of  the  system  should  be  referenced  to  the 
ground  plane  at  the  respective  power  supply 
as  shown  In  Figure  3«  l^e  reference  ground 
plane  should  be  designed  end  maintained  at 
uni -potential  configuration  as  much  as  possible. 
An  ideal  condition  would  be  an  extremely  large 
sheet  of  copper  underlying  the  entire  facility. 

A practical  appr.-^ach  is  to  use  a network  of 
conductors  to  provide  several  paths  within  the 
system.  The  multiple  raferenclng  to  the  ground 
has  been  found  to  be  a good  practice,  when  the 
system  frequency  Is  above  one  megahertz. 

THE  SYSTEM  GPOUTOniG 

The  grounding  syatems  of  the  facility 
should  be  oAintalned  at  the  same  refarence 
potential  to  acccopllsh  interference 
suppression  through  an  effective  ground.  "H^e 
foliovlng  sepiarate  grounding  ayatems  of  the 
Installation  should  be  combined  at  one  comnor. 
reference  ptolnt  (earth  plane)  so  that  the 
potential  differences  between  the  system  are 
minimized  to  eliminate  the  flow  of  the 
Interference  currents  between  the  parts 
of  the  systems.  (Reference  Figure  U). 
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AC  POWER  GBOUND 

'Rie  neutral  of  the  ac  power  (primary 
power)  teust  be  earth  grourided  before  cntcrlr.g 
the  facility.  Any  seconlary  ac  power  which 
le  derive!  froo  the  primary  power  should  have 
Ita  own  ground  ayaten  with  the  ground  returned 
to  the  secondary  power  source.  The  secondary 
power  ground  then  should  be  grounded  to  the 
system  ground  plane. 

DC  POWER  (mSTPUMEyTA'nOH)  GROUND 

'^e  dc  return  of  every  dc  jower  supply 
should  be  connected  separately  at  one  point 
to  the  signal,  ground  (technical)  counterp'oiae. 
Instrumentation  ground  plates  should  be 
provd  ievl  for  sensitive  equipment  locations, 

In  large  facilities.  The  copper  plates  at 
least  o Inches  long  and  ^ inches  wi  le  and  1/2 
Inch  thick  le  recoomended.  These  ground 
plates  should  be  connected  to  the  counterpoise 
by  an  Insulated  large  (number  SOO  MCM)  ccp'per 
cable,  so  that  the  system  will  be  isolated 
frcD  building  structure  and  other  grounds. 


time,  corrosion  may  cause  the  Irape  lance 
between  the  surfa<'es  to  Increase  to  the  poin* 
where  a bond  may  be  1 r.ef fee tlve.  Beth 
electrolytic  and  galvar.ic  types  of  corrosion 
occur  In  the  presence  of  moisture  which 
cooes  In  contact  with  tne  mating  surfaces. 
'*^en  metallic  s-urfaces  are  bonded  together, 
they  should  be  free  of  gr'eaae , oil,  dust  ar.l 
other  types  of  residues.  Ail  electrically 
lnsulatlr.g  finishes  should  be  removed  free. 
the  surfaces  which  are  to  le  bonded  together. 
Ordy  the  areas  of  ^he  fastener  holes  need  to 
be  rosoved  when  surfaces  are  to  be  held 
together  with  fasteners.  Condu.  tlve  finishes 
need  not  he  removed. 

The  indirect  bon«i  :^  requires  *he  use 
of  bonding  Jumpers.  There  is  no  special 
design  problem  at  low  frequencies.  At  higher 
frequencies  the  length  of  the  jumj'er  shouli 
be  minlmited  slr.ee  the  lmpe.iance  of  the 
Jumpier  Is  a 'riti'al  leslgn  cor'.sl  deration. 

For  flat  J’mipers  a leng*  h-to-wi  i-h  ratio  cf 
5 to  1,  with  a nlnicuB  ‘hlck.ness  of  0.C2 
inch  and  I Inch  width  Is  recocmjen-ied. 


3TRUCTRAL  (STATIC)  GROUTH: 

The  metallic  bulldi.ng  structure  and  all 
other  conductive  parts  of  the  system  that 
are  not  leslgr.ed  to  handle  current  flow  fonna 
the  structural  ground  system.  The  equipment 
enclosures,  pipes,  conduits,  ducts,  an^l 
electrical  panels  should  be  bonded  -ogether 
to  form  as  many  p'araLlei  paths  as  possible. 

All  cable  shieliis  should  be  connected  to  the 
strjct’ural  ground  system. 

BOITPIHC  RE(<iriR£>ENTS 

Bondlru?  13  provided  as  an  electrical 
Joint  for  the  purp>06e  of  holding  two  or  more 
metal  structures  at  a canmon  electrical 
potential.  The  most  Important  objective  of 
bonding  Is  to  prevent  the  presence  of  the 
potential  gra.dlenta  which  will  cause  the  flow 
of  electri'*nagnetlc  Interference  currents.  In 
addition,  the  protection  of  personnel  from 
the  shock  hazard*  la  assured  by  preventing 
the  a^'Cianulatlon  of  the  static  charge  buildup 
and  by  providing  fault-current  return  paths. 
Bonding  should  be  considered  as  a parameter 
In  the  original  Installation  leslgn.  The 
structural  steel  of  the  facility  should  be 
ailequately  bonded  so  that  it  is  electrically 
boDOgeneous.  In  large  installations  the 
cable  trays  must  be  bonded  together  and  to 
the  building  structure. 

There  are  two  general  techniques  for 
bonllng:  Direct  and  Indirect.  The  direct 

bonding  Is  accomplished  by  metal -to -metal 
contact  between  two  surfaces  by  welling, 
brazing,  sweating,  riveting  or  bolting.  These 
bond*  usually  have  a low  dc  resistance  and 
low  Impedance  at  high  frequencies.  A mlnlm^un 
of  2.5  ml  1 1 1 ohms  dc  resistance  Is  rec^aanen<led 
for  direct  bonding  of  Joints. 


The  ef fectl veness  of  bonding  shouli 
verified  by  measurenenis.  In  light  cf  'he 
vii  fflcultles  'ha*  exist  for  Imp^ianv-e 
measurements  at  FJ*  frequenc;es,  *he  p ra  • * : al 
approach  Is  to  makt»  llmltel  d*  resistance 
bor.ddng,  measurements  to  ieterm.ine  the  q-.al  'y 
of  bonding  install.at  ions  [ ] 

BONTINC  Jl?»TE?  FAFAMETEF-S  FOP  FRFk^UrrT.'JTTo 


The  bonding  Jump'ers  have  the  us'v:al 
electrical  of  R,  L,  C whl -h  arv* 

letermlned  by  the  selectel  material,  physi.'al 
ilmenslons  atid  configuration.  An  equivalent 
'Ircult  for  a bonding  Jump'er  Is  shown  be  lew: 
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We  can  neglect  R since  th-  value  of  the 
bonding  Jiiinp<?r  reelstAnce  In  chms  is  very 
small  (0.0025  ohms  or  less). 
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When:  oj 'LC  <1  the  Jvunp'er  Is  p :*e  lottlnantly 

Inductive. 


Corrosion  between  metal  surfaces  of  a 
bond  held  together  by  some  means  of  claffp'lng 
■ay  cause  deterioration  of  the  bond.  In 


• 1 the  J\.anp>er  lance  Is 

maximiuD  (res'.-* -ant) 

>1  the  Jump'er  Is  ; /e  Itmlnantly 
capst'ltlve 


These  relations,  which  are  shown  below 
Indicates  that  to  Keep  the  Impedance  or  the 
bonding  J’japer  low,  the  value  of  x^LC  must 
remain  as  far  as  possible  from  1.  The 
resor^nt  frequencies  of  the  J’m:per  should  be 
as  far  away  as  possible  fr*jm  the  system 
operational  f requenc les . 

Fran  the  expression  for  resonance 

2 X 

‘•'o  “ LC 

the  ang'alar  frequency  l-'  and  i"  resonant 
coadltlor.fl  are  dependent  upon  tHe  LC  product. 
For  a low  resor^nt  frequency,  the  LC 
product  mus^  be  lar^e.  For  a hl^.  i" 
resonant  frequency  the  LC  product  mu?t  be 
ma  1 n ta  1 ne  1 1 ow . ^ 

UfLCtt 


iMreoANce  CHA^AcreRtsr/cs 


uni -potential.  Single-point  grounlln*?  for 
a low  frequency  systems  and  multiple -point 
^oundln<?  for  hl«?h  frequency  (l  MHz  and 
above)  are  recommended.  In  the  event  of 
marginal  condition  single-point  grounding 
should  be  considered  since  it  is  easy  to 
switch  from  a single -point  system  to  a 
multiple  point  grounding,  but  It  is  extremely 
difficult  to  do  otherwise. 

The  bonding  is  one  of  the  cost  important 
part  of  the  design  parameter  of  the  system 
grounding.  For  the  purpose  of  the  electro- 
magnetic cccpatiblllty , In  which  freq-ency  Is 
such  an  Important  consideration,  do  reslsianre 
alone  is  not  a satisfactory  measure  of  the 
effectl venese  of  a bond.  Therefore,  the 
LC  product  of  the  bondlr.g  J-^per  m-is*  be 
analyzed^ 
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CONCLUSION 


The  majority  of  the  system  electro- 
magnetic compatibility  problems  of  electri- 
cal and  electronics  facilities  are  ilrectly 
related  to  the  poor  grounding  practices. 
Therefore,  grounding  and  bonding  consllera- 
tlons  must  play  a significant  rcle  during?  "he 
Initial  design  of  the  facility.  The 
parameters  employed  In  analyzing  and  ieslgr'.i r,g 
a proper  grounding  concept  for  the  Installa- 
tion Include  ojerattonal  frequencies,  i .cation 
of  the  units,  and  Interface  criteria. 

The  design  of  the  earth  grounding 
systems  Is  based  upon  (l)  reference  plane 

f rounding  system,  (2)  member  of  ground  rods, 

3)  iepth  of  the  ground  rods  and  (^)  soli 
condl  tlons . 

The  Isolation  of  the  ground  problems 
Is  acconpllshed  by  separate  ground  systems 
for  (1)  static  and  structural  ground,  (2) 
ac  power  ground,  (3)  shield  ground  and  (U)  dc 
power  and  circuit  ground.  A canacr.  ground 
for  both  power  and  signal  circuits  can  causa 
Increased  Interference  pickup  in  the  slgnsl 
circuit  and  ehou^ld  be  avoided. 

The  concepts  of  single-point  grounding 
and  BTultlple  point  grounding  are  used  to 
reference  the  syston  circuits  to  a common 


[6]  Reference  lata  for  Radio  Engineers, 
Howard  W.  Sams  and  Company,  Inc., 
m,  Fifth  Edition,  19^'. 
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ABSTRACT 


Protection  of  electronic  equipment  from  interference  orifrinatinjj  from  liehtnincc 
and  the  nuclear  E.MP  requires  that  a small-signal  environment  for  electronic  equip- 
ment be  provided  even  though  large  transient  fields  and  currents  may  be  develoix?d 
outside  the  cabinet  or  building.  A shield  may  be  used  to  separate  the  electromagnetic 
environment  inside  the  cabinet  or  building  from  the  harsh  outside  environment.  In 
light  of  the  large  iR  ;md  Ldi/dt  voltages  develoi^ed  in  grounding  conductors  by  lightning 
and  the  EMP,  the  shield  potentials  may  vai'y  over  a many-kilovolts  range;  it  is  not 
feasible  to  prevent  these  fluctuations.  However,  even  though  the  shield  potential 
vairies  widely  during  tiumsient  excitation,  the  potential  of  everv'thing  inside  the  shield 
also  varies  in  the  same  way  so  that  there  are  no  potential  differences  (except  those 
generated  by  internal  sources)  within  the  shielded  region.  Undesired  potential  drifts 
or  fluctuations  caused  by  chai'ge  displacements  or  other  internal  sources  can  be  con- 
trolled by  electriciilly  interconnecting  all  internal  conductors  with  the  shield  H.e. 
"grounding”  them  to  the  shield).  Thus  the  shield  prevents  intern;il  ixitcntial  fluctuations 
caused  by  extern;!!  sources,  and  "grounding"  controls  internal  potential  fluctuations 
of  internal  origin. 

In  practice,  several  levels  of  shielding  and  grounding  may  be  used.  These  often 
consist  of  a building  shield  with  its  internal  electrical  grounding  system,  a cabinet 
shield  with  its  internal  electronics  grounding  system,  and  [X-rhaps  shielded  components 
within  the  cabinet.  At  each  level,  the  .shielding  and  grounding  topology  portrays  the 
shield  as  a barrier  to  its  external  environment  and  the  grounding  system  as  a me;ms 
of  controlling  potentials  from  internal  sources. 

Also  in  practice,  the  shields  must  be  compromised  by  conductors  that  carry 
power  and  information  through  the  shield  and  by  access  doors,  ducts,  cracks,  etc. 
incumbent  in  fabricating  and  servicing  facilities  or  equipment.  Application  of  shielding 
and  grounding  topology  jxrmits  these  compromises  to  be  readily  identified  (even  if 
they  are  quite  sulitle);  in  addition  it  can  be  used  to  determine  how  filters,  surge  ar- 
resters, and  other  protective  devices  should  be  installed  and  grounded  to  preserve 
the  integrity  of  the  shield.  Most  important,  however,  is  the  fact  that  shielding  and 
grounding  topology  is  useful  in  e\"plaining  some  of  the  interference  problenis  that  have 
been  reported,  ;is  well  as  how  these  problems  may  be  avoided  in  the  future. 

This  work  was  supported  by  the  Defense  Corwiun i cat  ions  Aqency  throuah 
Harry  Diamond  Laboratories  under  contract  DAA  G- 3 9-7 b-C- 002 1 . 


SHIELDING  .VND  GROUN'DING  TOPOLOGY 
FOR  IN'TERFEREN’GE  CONTROL 


I INTRODUCTION 

Small-signal  electronic  circuits,  whether  they  use  discrete  component 
or  integrated  circuits,  are  susceptible  to  malfunction  or  damage  caused  by 
transient  Interference.  These  problems  are  particularly  common  in  data 
processing  circuits  because  these  circuits  often  cannot  distinguish  be- 
tween a spurious  transient  and  a legitimate  signal,  and  because  these  cir- 
cuits are  designed  for  small  switching  levels  to  conserve  power  and  reduce 
heat  dissipation  problems.  Logic  levels  are  often  a few  volts  or  a few 
tens-of-milliamperes  in  these  circuits. 

On  the  other  hand,  transients  associated  with  lightning  and  switching 
on  power  lines  and  buried  communication  cables  commonly  have  peak  currents 
of  tons  of  kiloamperes  and  peak  voltages  of  megavolts. ^ Similar  peak  val- 
ues are  associated  with  the  nuclear  electromagnetic  pulse.  Thus  if  small- 
signal  electronic  circuits  are  to  be  operated  by  commercial  ac  power,  in 
buildings  supplied  with  ac  power,  or  in  systems  that  are  interconnected  by 
long  burled  or  overhead  cables,  it  is  apparent  that  the  structure  between 
the  outside  cables  or  power  conductors  and  the  small-signal  electronic 
circuits  must  be  capable  of  reducing  the  transients  by  over  100  dB. 

In  addition,  grounding  electrodes  such  as  ground  rods,  ring  grounds, 
counterpoises,  etc.  typically  have  impedances  of  a few  ohms,  wliile  ground- 
ing electrode  impedances  of  tens  or  hundreds  of  ohms  are  not  uncommon.  In 
series  with  this  soil  impedance  is  the  inductance  of  tlie  grounding  conduc- 
tor, wliich  is  typically  a few  microhenries  (about  1 yl!  per  meter  of  ground 
wire).  Thus  the  Ri  + Ldi/dt  voltages  developed  across  the  grounding  im- 
pedance when  lightning  strikes  a power  line  may  be  of  the  order  of  100  kV 
even  if  a good  grounding  electrode  is  used.  Tlierefore,  as  illustrated  in 
Figure  1,  even  the  best  electrical  grounding  practices  cannot  prevent  wide 
fluctuations  in  the  potential  of  a building  ground  point  if  lightning 
strikes  the  building,  or  if  it  strikes  the  power  lines  or  cables  near  the 
building. 

Fo ' electronic  systems  to  operate  reliably  in  this  environment,  tliere- 
fore,  we  must  be  able  to  accommodate  these  wide  fluctuations  in  building 
ground-point  potential  and  reject  the  severe  transients  on  external  power 
lines  and  cables.  In  addition,  however,  we  must  be  able  to  supply  power 
to  tlie  electronic  circuits  and  provide  means  of  getting  information  into 
and  out  of  these  circuits.  To  acliieve  tliese  goals,  a systematic  approach 
to  shielding  and  grounding  is  required. 
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FIGURE  1 BUILDING  POTENTIAL  PRODUCED  BY  LARGE  TRANSIENTS 


II  DEVELOPMENT  OF  SHIELDING  AND  GROUNDING  PHILOSOPHY 

If  the  walls  of  the  building  in  Figure  1 are  perfectly  conducting  so  that 
there  is  no  penetration  of  either  electric  or  magnetic  field  through  the 
walls,  the  potential  of  the  entire  building  and  all  of  the  space  inside  It 
will  be  the  same,  regardless  of  whether  that  potential  is  zero  or  100  kV. 

The  importance  of  this  fact  is  that  there  are  no  potential  differences  with- 
in the  building  even  though  tlie  potential  of  the  building  with  respect  to 
the  earth  may  fluctuate  widely.  The  perfectly  conducting  shield  is  thus  an 
electrodynamic  Faraday  shield  that  isolates  the  enclosed  space  from  external 
influences,  whether  these  be  fields,  currents,  or  voltages.  All  oxtern.il 
fields  are  totally  reflected  by  the  walls  and  all  current  or  charge  in- 
jected on  the  outside  surface  remains  on  the  outside  surface  (the  skin  depth 
in  a perfect  conductor  is  zero). 

If  the  walls  are  not  perfectly  conducting,  the  external  fields  are  not 
quite  completely  reflected,  and  currents  injected  on  the  outer  surface 
penetrate  into  the  walls.  Nevertheless,  as  illustrated  in  Figure  2,  when 
the  wall  thickness  is  large  compared  to  the  skin  depth  6,  tiie  fields  (or 
potential  gradients)  inside  tiie  sliield  .are  mucli  sm.aller  than  those  ovitside 
the  shield. 
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EXTERNAL 

FIELDS 


1 » h 


(a)  DECAY  OF  ELECTROMAGNETIC  FIELDS  AND  CURRENT  DENSITY 
IN  SHIELD 


(b)  EXTERNAL  FIELDS  ABOUT  A CLOSED  SHIELD 

FIGURE  2 ELECTRODYNAMIC  SHIELD 


The  electrodynainic  shield  thus  provides  a barrier  between  the  external 
environment  and  the  internal  environment.  Hence  in  the  region  enclosed  by 
an  ideal  shield  there  are  no  gradients  or  potential  differences  caused  by 
sources  outside  the  shield.  However,  there  may  be  gradients  in  the  enclosed 
region  caused  by  sources  or  charge  displacements  within  the  shielded  re- 
gion. For  example,  if  the  building  in  Figure  1 contains  a battery  or  some 
other  power  source,  this  source  can  produce  gradients  or  potential  dif- 
ferences. Similarly,  if  there  is  mechanical  motion  inside  the  building, 
electrostatic  charging  may  occur  and  produce  potential  differences.  But 
these  potential  differences  are  caused  by  internal  sources;  the  shield  has 
no  effect  on  them,  and  they  are  unrelated  to  the  outside  environment. 

I 

! 
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To  control  potential  differences  of  internal  origin  so  that  they  do 
not  pose  shock  or  explosion  hazards  or  induce  electrical  malfunction  be- 
cause of  circuit  potential  drift,  circuit  common  and  internal  structures 
such  as  equipment  cabinets,  cable  trays  and  sliields,  conduits,  and  ottier 
metal  structure  may  be  connected  to  each  other  and  to  the  shield  as  in- 
dicated in  Figure  5.  This  "grounding"  of  internal  conductors  and  circuits 
eliminates  (or  reduces)  undesired  potential  differences  caused  by  sources 
inside  the  shielded  region. 


FIGURE  3 INTERNAL  GROUND  SYSTEM  FOR  EQUIPOTENTI AL  REGION 


The  essence  of  an  effective  shielding  and  grounding  philosophy  has 
thus  been  developed.  The  shield  is  used  to  control  internal  potential 
differences  of  external  origin,  and  grounding  is  used  to  control  intern.al 
potential  differences  of  internal  origin. 


Ill  SHIELDING  AND  GROUNDING  TOPOLOGY 

The  shields  discussed  above  were  assumed  to  be  completely  closed.  As 
was  remarked  in  the  introduction,  however,  we  must  supply  power  to  and 
communicate  with  the  equipment  inside  tlie  shield.  For  shielded  buildings 
we  must  also  provide  openings  for  ventillation  and  for  entrance  and  egress, 
as  well  as  plumbing  for  water,  sewage,  heat  or  fuel,  and  other  accouter- 
ments. Each  of  these  openings  and  penetrating  conductors  represents  a 
compromise  of  the  shield;  as  a result  a single  shield  and  Internal  grounding 
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system  is  often  inadequate  to  provide  the  100  dB  or  more  of  interference 
reduction  required  by  electronic  circuits. 

To  achieve  a greater  degree  of  interference  reduction,  additional 
shields  with  their  internal  grounding  systems  may  be  used.  One  can  thus 
envision  a set  of  nested  shields  such  as  is  illustrated  schematically  in 
Figure  -I.  Tlie  set  of  nested  shields  partitions  the  space  about  the  elec- 
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FIGURE  4 SHIELDING  AND  GROUNDING  ZONES  IN  A COMPLEX  FACILITY 


tronlc  equipment  into  environmental  zones. Within  each  zone,  the  poten- 
tial differences  produced  by  sources  in  the  zone  are  controlled  by  con- 
necting all  metal  in  the  zone,  including  the  shield  enclosing  the  next  in- 
ward zone,  to  the  in.side  surface  of  tlie  .shield.  For  example,  all  metal  in  Zoiu 
1 of  Figure  4,  including  sliield  2,  is  connected  to  the  inside  of  shield  1; 
and  all  metal  in  Zone  2,  including  shield  3,  is  connected  to  the  inside 
of  shield  2. 

Shielded  regions  at  any  level  may  be  irregular  in  shape  or  they  m.iy 
be  interconnected  as  illustrated  in  Figure  5.  Topologically,  the  two 
shielded  buildings  in  Figure  5(a),  interconnected  with  a shielded  cable, 
form  one  continuous  shielded  region.  Similarly,  the  equipment  cabinets 
in  Figure  5(b),  together  with  their  shielded  interconnect Ing  cables  or 
ducts,  form  a contiguous  Zone  2 region.  Also  illustrated  in  Figure  5(b) 
is  the  use  of  doubly  shielded  cable  to  extend  the  Zorn-  2 region  "outsidi'" 
the  building  yet  topologically  inside  two  levels  of  shielding. 
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ZONE  0 

ZONE  1 
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GROUND 

(a)  SHIELDED  BUILDINGS  CONNECTED 
BY  SHIELDED  CABLE 


SHIELD  1 


(b)  INTERCONNECTED  CABINETS 
FIGURE  5 TOPOLOGY  OF  INTERCONNECTED  REGIONS 

j 

! It  is  useful  to  examine  some  violations  of  the  shielding  and  grounding 

system.  In  Figure  6(a),  components  inside  shield  2 have  been  grounded  to 
I shield  1 through  an  opening  in  shield  2.  Therefore,  topologically,  shield 

2 does  not  exist  (i.e.,  it  is  not  effective)  because  the  grounding  conduc- 
tor carries  the  Zone  1 environment  into  the  region  enclosed  by  shield  2. 
Figure  6(b)  illustrates  a more  serious  violation  because  both  shield  1 and 
shield  2 have  been  made  to  vanish  by  the  penetrating  grounding  conductor. 
Topologically,  shield  1 and  shield  2 form  only  one  shield,  but  this  shield 
encloses  only  the  region  between  the  shields — it  excludes  the  region  in- 
side shield  2l 

These  examples  illustrate  an  important  rule  of  effective  shielding 
and  grounding  practice:  Topologically,  grounding  conductors  should  never 

penetrate  shield  surfaces. 
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[V  SOMK  IMl’OKTAMT  COROLLARIKS 


Inheront  in  the  theory  of  electrodynamir  shields  is  the  fact  tliat 
current  in  conductors  attached  tc^_th^  sliield  flows  predominantly  on  the 
surface  to  which  tiie  conductor  is  attached.  This  phenomenon,  illustrated 
in  Figure  7.  is  a manifestation  of  the  skin  effect  in  conductors.  It  Is 


SHIELD 


FIGURE  7 CONFINEMENT  OF  CONDUCTOR  CURRENT  TO 
"OUTSIDE"  SURFACE  BY  SKIN  EFFECT 

very  Important  in  the  application  of  the  shielding  and  grounding  topology 
developed  above  because  it  permits  interference  currents  on  conductors  out- 
side the  shield  to  be  diverted  to  the  outside  surface  of  the  shield.  No- 
tice the  difference,  for  example,  between  the  situation  depicted  in  Figure 
7 and  tliat  shown  in  Figure  8,  where  the  conductor  is  brought  through  the 
shield  and  connected  to  the  "Inside"  of  the  shield.  In  the  latter  exam- 
ple, tlic  conductor  current  flows  to  the  "inside"  surface,  where  it  is 
again  confined  by  skin  effect. 

Several  examples  of  tlie  correct  application  of  this  principle  are 
given  in  Figure  9 along  with  some  common  violations  of  the  sliield.  Note 
that  each  of  the  violations  permits  the  harsh  currents  on  the  outside 
con<luctors  to  flow  Into  the  protected  zone  inside  tlie  sliield.  It  should 
he  observed  that  filters  and  surge  arresters  behave  the  same  as  any  other 
connection  of  a penetration  to  the  shield;  that  is,  they  divert  harsh 
Interference  currents  to  the  outside  surface  of  the  shield,  thereby 
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Ic)  INSULATED  PENETRATION 

FIGURE  9 CONNECTIONS  THAT  PRESERVE  SHIELDING  INTEGRITY  (tight)  AND  COMPROMISE 
THE  SHIELD  (wrong) 


SHIELD  I 


FIGURE  8 CONDUCTOR  CURRENT  INJECTED  ON  THE  "INSIDE" 
OF  A SHIELD 


preventing  these  currents  from  entering  the  protected  region.  Because 
power  and  signal-carrying  conductors  cannot  be  continuously  connected  to 
the  shield,  they  must  be  momentarily  connected  (when  a certain  threshold 
is  exceeded)  or  connected  only  at  frequencies  not  used  for  power  or  sig- 
nals (i.e.  through  a filter).  In  any  case,  the  diverted  interference 
currents  must  flow  to  the  outside  surface  of  the  shield,  as  illustrated 
in  Figure  9(c),  if  shield  integrity  is  to  be  preserved.  The  importance 
of  this  current  diversion  is  shown  in  Figure  10  vhere  the  currents  on  the 
penetration  inside  the  shield  with  and  without  dik/ersion  are  compared. 

Confinement  of  shield  current  to  the  surface  is  also  useful  in  trac- 
ing shield  topology.  Identification  of  tlie  sliield  topology  is  facili- 
tated if  it  is  assumed  that  current  injected  on  a surface  of  the  shield 
must  flow  only  on  that  surface  as  it  does  on  a perfectly  conducting  shield 
(i.e.,  that  it  cannot  flow  tlirough  the  sliield  from  the  outside  surface 
to  the  inside  surface,  or  vice  versa).  One  may  then  trace  the  continuous 
surface  in  the  vicinity  of  peculiar  shapes,  such  as  those  in  Figure  11,  to 
identify  the  shield  topology.  Shading  (as  in  Figure  11)  or  coloring  is 
sometimes  useful  wlien  the  physical  geometry  of  the  sliield  is  complicated. 

A second  coiollary  of  shielding  theory  is  that  field^  cannot  diffuse 
through  shields  that  carry  no  current.  The  electric  and  magnetic  fields 
parallel  to  the  shield  surface  are  both  related  to  the  current  densitv  in 
the  shield  through  the  Intrinsic  impedance  of  the  shield  m;iterial,  ami 
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FIGURE  10  RATIO  OF  CURRENT  PENETRATING  SHIELD  WALL  (I,, I TO  CURRENT  CONDUCTED 
THROUGH  WALL  (L,) 


OUTSIDE 


INSIDE 


FIGURE  11  TOPOLOGICALLY  IDENTICAL  SHIELD  PENETRATIONS 


Sf  M 1 

* 

(I'-t 

♦ 

whon  tlu>  current  density  is  zero,  both  of  these  fields  are  also  zero, 
riierefore,  the  performance  of  the  shield  can  be  enhanced  if  large  inter- 
ference currents  are  prevented  from  flowing  through  large  areas  of  the 
shield — particularly  if  tlie  sfiield  has  many  openings  (e.g.,  a mesh  or  a 
metal  building  witli  many  doors,  windows,  or  poorly  bonded  joints — see 
Figure  12). 


FIGURE  12  MAGNETIC  FIELD  PENETRATION  OF  SMALL  APERTURES 


Implementation  of  this  principle  lias  led  to  the  concept  of  a single 
entry  panel  through  which  all  penetrating  conductors  enter  the  shield  at 
one  small,  controlled  area.  Figure  13(a)  illustrates  the  entry  panel  witli 
all  penetrating  conductors  and  the  external  grounding  conductor  congre- 
gated at  one  face  of  the  shield.  Current  flowing  over  the  shield  is  small 
because  tliere  is  no  exit  path  on  the  opposite  face — the  shield  is  an  open- 
circuit  to  the  combined  penetration  currents.  The  current  entering  on  one 
penetration  must  either  be  reflected  back  on  the  same  conductor  or  leave 
tlirougfi  another  penetration  or  through  the  grounding  conductor.  By  con- 
trast, when  the  random  entry  illustrated  in  Figure  13(b)  is  used,  heavy 
current  flowing  toward  the  shield  on  one  conductor  may  flow  across  the 
shield,  exciting  any  leaks  in  its  patli,  and  exit  on  a conductor  on  the 
opposite  face  of  the  shield.  Hence  the  random  entry  approach  permits  ex- 
citation of  any  flaws  in  tlie  shield  by  the  external  interference  currents, 
while  the  single  entry  panel  approach  concentrates  these  currents  on  tlie 
entry  panel  where  almost  flawless  shielding  can  be  m.aintained.  Converselv 
if  the  single  entry  panel  is  used,  poorer  quality  shielding  on  the  rem.aind 
er  of  the  shield  can  often  he  tolerated. 
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(1)1  RANDOM  ENTRY 

FIGURE  13  PENETRATION  CURRENT  PATHS  ON  SHIELDS 


V APPLICATION  TO  SYSTEMS 


A set  of  nestoJ  shields , such  as  that  shown  schematically  in  Fixture  4, 
often  occurs  in  the  course  of  constructing  the  facility  and  the  electronic 
equipment.  For  example,  shield  1 of  Figure  4 might  he  the  building  or 
equipment  slielter  (van):  shield  2 would  tlien  be  tlie  metal  equipment  cab- 
inets or  housing;  anti  shield  3 would  bi.‘  specially  shielded  circuits  or 
components  within  the  equipment  cabinet.  (Shield  3 would  normally  be  pro- 
vided by  the  equipment  manufacturer  to  provide  ex’ ra  protection  for  verv 
sensitive,  or  very  small  signal,  circuits  and  components.)  Outside  shield 
1 is  the  harsh  external  environment  described  earlier. 


between  shield  1 and  shield  2 is 
This  region,  labeled  Zone  1 in  Figure 
circuits  operating  at  service  voltages 
ett’.,  as  well  as  the  normal  transients 


the  building 
4,  normally 
of  120/240 
assoc iated 


o r room  env i r onmen  t . 
contains  I'lectric  power 
V,  120/208  V 3-phase, 
with  switching  and 


J 
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regulating  the  equipment  operated  from  this  power.  In  this  region,  it  is 
desirable  to  limit  transient  voltages  to  levels  comparable  to  the  electric 
power  voltages  (i.e.,  a few  hundred  volts)  to  avoid  overstressing  low- 
voltage  insulation  Inside  the  facility.  In  this  region  it  is  also  impor- 
tant to  interconnect  all  exposed  metal  (equipment  housings,  conduits,  and 
other  structures)  to  avoid  shock  and  explosion  hazards.  The  interference 
environment  in  this  region  might  thus  be  limited  to  a few  amperes  or  a 
few  hundred  volts  on  conductors  and  to  fields  of  a few  hundred  volts/meter. 

Inside  shield  2 (the  equipment  cabinets)  is  the  small-signal  region 
called  Zone  2 in  Figure  4.  This  region  contains  the  small-signal  elec- 
tronic circuits  that  are  subject  to  malfunction  at  interference  levels  of 
a few  volts  or  a few  tens  of  milliamperes.  Therefore,  the  peak  transient 
interference  levels  on  conductors  entering  those  circuits  must  be  smaller 
than  tliose  values  if  tiie  circuits  are  to  operate  reliably. 

When  the  primary  and  secondary  shielding  surfaces  have  been  selected, 
it  is  important  to  examine  the  topology  of  these  surfaces  to 

1.  determine  that  they  are  topologically  two  separate 
shields  rather  than  one  with  a reentrant  region  as  in 
Figure  6(b)  . 

2.  identify  all  penetrations  and  apertures  that  will  be 
necessary  to  accommodate  the  system. 

In  the  context  of  the  second  purpose,  the  function  of  the  penetrating  con- 
ductor (i.e.,  whether  it  is  for  electrical,  mechanical,  or  hydraulic  use) 
is  immaterial  to  its  ability  to  violate  the  shield;  any  conductor — even 
a grounding  conductor — that  penetrates  the  shield  compromises  the  integrity 
of  the  shield. 

Penetration  treatments  such  as  those  illustrated  in  Figure  9 should  be 
considered  for  each  penetration  of  the  primary  and  secondary  shields.  Be- 
cause of  the  extremely  high  voltages  possible  on  external  conductors  such 
as  power  lines  and  communication  cables,  high-current  surge  arresters  are 
usually  necessary  for  insulated  conductors  penetrating  the  primary  shield. 

At  the  secondary  shield  (e.g.,  the  equipment  cabinet),  a variety  of 
interference-rejection  devices  may  be  used.  Some  of  these  may  be  provided 
as  a normal  functional  part  of  the  equipment.  For  example,  dc  power  sup- 
plies may  serve  to  Isolate  the  electronic  circuit  from  the  interference  on 
ac  power  conductors,  and  dc-to-dc  converters  can  perform  a similar  role 
when  the  primary  power  is  dc . These  and  some  other  secondary-shield  pene- 
tration treatments  are  illustrated  in  Figure  14.  Cable  sliields  and  other 
"groundable"  conductors  may  be  treated  at  the  secondary  shield  in  much 
the  same  manner  as  they  are  treated  at  the  primary  sliicld — see  Figure  9(a) 
and  (b) . 

Of  particular  Interest  are  the  ac  power  entry  and  grounding  provisions. 
Topologically  proper  methods  of  treating  these  penetrations  are  shown  in 
t Figure  15.  Figure  15(a)  illustrates  tlio  topology  of  the  prlnuiry  sliield  at 


-346- 


ZONE  1 I ZONE  2 
I 
I 


ZONE  1- 
AC  POWEH- 


RfcCTIHER- 

7nNP  0 

POWER 
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(a)  RECTIFIER  POWER  SUPPLY 
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TRANSFORMER 
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(dl  PHOTON  COUPLER 
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(e)  ISOLATION  TRANSFORMER 


twianced  rpceiver,  I— 

emittnr  IoIIowit.  j 

or  other  hiqh  tolerance  j 
moot  or  outiHil  circuit  j 


(f)  OTHER 


FIGURE  14  TREATMENTS  FOR  SECONDARY  SHIELD  PENETRATIONS 
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(t>l  EQUIPMENT  ENTRY 

FIGURE  15  AC  POWER  PENETRATIONS  AND  GROUNDING  CONDUCTORS 


tliu  servire  entrance.  For  this  installation  the  main  disconnect  and  dis- 
tribution panel  are  outside  t'ne  shield  since  the  power  condiu-tors  are  not 
filtered  until  they  leave  the  distribution  panel.  I'wo  opi  ions  for  tin 
grounding  conductor  are  shown;  in  the  upper  right,  a Zoni-  1 elcctricil 
ground  (green  wire)  is  derived  in  a load  center  si'rving  the  oKctronic 
• •quipment,  while  in  the  lower  right,  the  coniluit  serves  as  the  grounding 
conductor.  In  Figure  15(b)  Lite  two  options  for  tin'  grounding  conductor 
(conduit  or  greim  wire)  are  also  shown,  .although  they  are  combini'd  in  one 
picture  (both  are  not  needeti) . Note  that  the  preferred  equipment  entry 
utili7.es  a junction  box  or  back-p  1 ,ane  region  to  shield  the  inti'rior  of  the 
c.abinet  from  tire  unfiltfred  power  conductors  and  green  wire  connect.on. 
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VI  CONCLUSION’S 


The  topological  approach  to  studding  and  grounding  is  a rational  and 
systematic  method  of  providing  the  liigli  degree  of  isolation  recpiired  be- 
tween external  conductors  exposed  to  liglitning  or  other  harsh  environments 
and  small-signal  circuits  susceptible  to  transients  of  a few  volts. 

It  is  clear  that  primary  protection  from  externally-generated  inter- 
ference is  obtained  from  shielding;  grounding  is  not  a good  deterrent  to 
this  interference.  In  fact,  improper  grounding  procedures  (e.g..  Figure 
6)  may  aggravate  the  problem  rather  than  solve  it.  Although  the  diversion 
of  penetrating  conductor  currents  to  a shield  (see  Figure  9)  is  often  con- 
sidered an  aspect  of  grounding,  the  topological  approach  shows  that  it  is 
in  fact  a method  of  preserving  the  Integrity  of  the  siiield. 

Topologically,  grounding  iias  no  effect  on  externally-generated  inter- 
ference. Grounding  serves  only  to  equalize  ttie  jiotentials  of  otlierwise 
insulated  metal  parts  within  a shield.  In  so  doing,  it  helps  control  spur- 
ious potentials  generated  by  sources  inside  tlie  sliielded  region. 

Because  tlie  topology  of  shielding  and  grounding  dictates  that  ground- 
ing conductors  should  not  penetrate  shield  surfaces,  some  of  the  problems 
encountered  in  past  grounding  practices  can  now  be  understood.  Tlie  cir- 
cuit upset  and  damage  problems  associated  with  the  common  practice  of  con- 
necting small-signal  ground  (Zone  2)  to  the  building  electrical  ground  elec- 
trode (Zone  0)  are  readily  understood  from  the  topological  picture  in  Figure 
9(b).  According  to  this  picture,  any  natural  shielding  that  might  have 
been  provided  by  tlie  building  (shield  1)  or  etpiipment  cabinet  (sliield  2) 
has  been  circumvented  by  the  grounding  conductor,  thereby  exposing  the 
small-signal  circuits  to  the  harsli  outside  environment. 

It  is  also  interesting  that  attempts  to  alleviate  this  problem  have 
often  been  concentrated  on  reducing  the  grounding  electrode  impedance — 
thereby  reducing  the  n-hundred  kV  in  Figure  1 — rather  ttian  on  improving  the 
Integrity  of  the  shields  by  eliminating  the  offending  grounding  conductor. 

An  important  advantage  of  the  shielding  and  grounding  philosophy  enunci.ited 
here  is  that  .system  performance  is  completely  independent  of  tlu-  grounding 
electrode  impedance.  The  properties  of  the  grounding  electrodt'  can  tiure- 
fore  be  left  to  the  discretion  of  power  and  communicat ion  utilities. 

It  is  noteworthy  that  the  single-entry  concept  alleviates  tin  require- 
ment for  a high-quality  overall  shield  if  the  principal  source  of  inte.r- 
ference  is  large  currents  on  outside  conductors  such  .is  power  1 iiu‘s  and  com- 
munication cables.  By  diverting  these  currents  at  tlu-  entry  panel  r.ither 
than  allowing  them  to  flow  through  the  shield,  a moderate-quality  shield 
(e.g.,  structural  steel  or  reinforcing  sti-el)  may  suffice  for  m.iny  inst.il- 
lations.  If  high  intensity  interference  fields,  as  well  as  conductor  cur- 
rents, prev.ii!  as  in  the  nuclear  E>fl'  environment,  .i  high-quality  shield 
may  be  ri'quired. 

Finally,  impl  ement.it  ion  of  the  shielding  and  grounding  appro.ieh  des- 
cribed in  this  p.iper  doi's  not  ent.iil  costlv  lU'w  equipment  and  processes. 
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On  the  contrary,  it  may  eliminate  some  of  the  costly  grounding  electrode 
installat’ons  and  extravagent  use  of  heavy  copper  bars  and  cables  fre- 
quently specified  in  tiie  name  of  "good  grounding."  The  essence  of  the  ap- 
proach and  its  principal  advantage  is  that  it  provides  a rational  method 
of  achieving  the  maximum  interference  protection  from  the  structural  metal, 
housings,  etc.,  that  would  usually  be  provided  even  if  Interference  were 
not  a consideration.  The  principal  effort  required  to  implement  the  ap- 
proach is,  therefore,  in  configuration  control.  Thus  the  approach  pro- 
mises improved  circuit  protection,  hence  improved  system  reliability  and 
reduced  maintenance  costs,  as  well  as  potentially  lower  Initial  costs. 
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abstract 


A severe  noise  problem  exists  at  nrany  air  traffic  control  tower 
locations  in  the  VHF  receivers  during  certain  severe  weather  conditions. 

The  problem  has  briefly  been  investigated  at  Boston  Logan  .Airport  and 
has  been  found  to  be  most  likely  redated  to  corona  discharge  from  air 
terminals  close  to  the  receiving  antennas.  The  effect  of  tlie  charge  that 
can  accumulate  on  the  radome  has  not  yet  been  well  identified.  The  c.harge 
from  raindrops  transferred  to  the  antennas  seems  unlikely  as  a noise  source, 
but  could  not  entirely  be  ruled  out.  Elimination  techniques  using  static 
dischargers  at  some  ATCT  locations  have  been  analyzed  and  are  criticized. 
Suggestions  for  possible  corrective  procedures  include  relocation  of  tlie  air 
terminals  or  placing  corona  balls  over  the  tips  of  the  lightning  rods.  The 
latter  modification  will  also  enhance  the  lightning  protection  capabilities. 
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NOISE  INTERFERENCE  PRORLEM  AREAS 


i . I . Noise  I’ruSIern 

A severe  noise  problem  exists  at  numerous  Air  Traffic  Control 
Tower  (ATCT)  locations  in  the  VHF/UHF  receiv'ers  during  certain 
rainstornis,  snowstorms  or  thunderstorms.  The  noise  is  often  con- 
tinuous and  is  characterized  by  a high  pitched  hissing  or  screaming 
sound.  It  can  last  for  many  tens  of  minutes  and  be  so  intense  that  the 
controllers  are  unable  to  receive  communications  from  aircraft  for  a 
considerable  period. 

A number  of  airports  are  investigating  the  problem  while  other 
airports  have  carried  out  certain  questionable  solutions  to  the  problem. 
Static  dischargers  have  been  purchased  to  alleviate  th<.-  radio  inter- 
ference, but  these  dischargers  are  considered  by  us  to  play  no  part 
whatsoever  in  correcting  the  problem.  Tlie  Midway  Tower  in  Chicago 
purchased  ten  such  dischargers  in  the  Fall  of  1 975  and  since  that  timi  , 
the  devices  have  been  installed  at  the  following  airports: 


M id  way 
Flint 

Y oungstown 
Indianapoli  s 
Darwin 
Rhinelande  r 
F airinont 


Bi  smark 

Pueblo 

Min<Jt 

Colorado  Springs 
Denve  r - A i apaho 


Atlanta 
Louisville 
Stan  ford 
T ampa 
1 ’a  rke  sbu  rg 


There  are  undoubtedly  many  more  facilities  in  these  and  otlier  regions 
with  similar  problems,  and  it  is  unfortunate  that  much  effort  and  funding 
is  being  expended  by  different  people  in  order  to  attemiit  to  alU'\i<ite  the 
prolilem.  A single  investigation  should  be  performed  that  wouli.  result  in 
recommendations  to  all  ATCT  locations  which,  when, carried  out,  would 
eliminate  this  potential  hazard. 

Electrical  breakthrough  on  the  VHF  receivers  has  occum-d  at  various 
times  at  Logan  International  Airport,  Boston,  and  to  illustrate  thi‘  jiroblem, 
excerpts  from  an  internal  memorandum  are  reprociuced. 


' 

i 

i 

1 

i 
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"On  Sunday,  August  1,  at  I'iOO/.,  the  tower  reported  electrical 
hreaktlirou^^h  on  main  1 IS.  IKX,  uhich  is  located  on  the  21st 
floor  of  the  tower  with  its  antenna  above  the  cab.  Tliey  switched 
to  starifiby  119.  IRX,  uhich  is  presently  in  tlie  eijuijniient  room  of 
the  old  towi-r  buildinf^  with  its  antenna  on  the  old  tou’er  buildinjt 
roof. 

The  u’cather  conditicjns  at  this  time  were  misty  and  overcast,  with 
electrical  storm  cells  in  a line  .-ijiproximately  A miles  wide  and  25 
miles  long  stretching  north  and  south.  Tliis  line  was  located  10 
miles  west  of  the  airport  mo\ing  in  an  east<‘ily  direction. 

During  the  jieriod  1 SOO  Z to  15  29>^,  both  recei\'<TS  uere  monitond 
at  i * jack  panel  on  the  (th  floor.  1 he  ratio  of  sliort  bursts  of 
electrical  static  brer'  ough  on  the  main  11<-'.  IHX  to  the  standby 
119.  IRX  was  ajiproxim...  ely  3:1. 

■['lie  electrical  storm  cell  reached  the  airport  at  1530  /.  hibet  rical 
bri'aktlirouph  became  more  freejuent  and  longer  in  (iuration  on  the 
main  119.  IRX.  The  standby  119.  IRX  continvted  to  h.a\-e  shrirt 
electrical  breakthrough  similar  to  when  tlie  storm  v.as  10  miles 
west  of  the  airport. 

At  15  H/,,  the  main  119.  IRX  seemed  to  go  into  oscillations  uhich 
lasted  nearly  1 minute.  The  standby  119.  IRX  (ontinued  to  have 
short  burst  of  electrical  breakthrough.  Rain  v.as  very  lua\y  at 
this  time. 

During  1 532Xto  1 533/.,  the  main  119.  IRX  u-ent  into  o.*- c il  1 at  ion  s 
again  (caused  by  electrical  discharge).  J'liis  time  tlu-  RF  gain  w.is 
decreased  to  eliminate  the  oscillation.  At  this  gain  setting,  5uV 
from  a signal  generator  (HP-608D)  was  necessary  to  break  the 
squcdch.  The  receiver  was  then  returned  to  2uV  squelch  break. 

The  electrical  storm  had  dissipated  some  o\er  Boston,  and  by 
1540X  it  was  approximately  2 to  4 miles  at  sea.  Our  main  119.  IRX 
during  the  jteriod  1532X  to  1540X  returned  tci  norm.il  ojieration,  with 
electrical  breakthrough  decreasing  in  duration.  The  .■'tandby  119.  IRX 
also  decreased  in  *dectrical  breakthr  ovigh  during  this  pto-iod." 


1 . 2 1 .ogan  Airport  Layout 

I'he  new  control  tower  at  I. ogan  Airjiort,  shown  in  Figure  1,  is 
app  roxunately  301  feet  high.  The  r«'cciving  antennas  for  aircraft 
communications  are  on  top  of  the  tower  and  spaced  around  a walkuay 
which  ci  rcumscribi-s  a radoine.  A liglitning  rod  is  placed  on  top  of  tin- 
radome  and  othi'r  lightning  rods  are  sjiaced  arouiifi  the  walkway  })arajn-t. 


4 
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I'hf  layout  of  the  antennas  and  lightning  rods  is  shown  in 
r'igure  2.  Figures  3a- 3c  show  the  ajjproximate  positions  of  some  of 
the  antennas  relative  to  the  air  terminals  and  tlie  approximate  distances 
to  the  probal)le  corona  source  at  the  tip  of  the  lightning  rod.  Antenna 
mount  nuniber  six  shows  a \'1IF  antenna  only  18  1/2  inches  from  a corona 
source,  and  other  antennas  are  spaced  not  too  much  further  away  from 
other  lightning  rods.  The  nearest  UHF  antenna  is  sonie  35  inches  away. 

The  parapet,  radome  framework  and  air  terminals  apjji-ar  to  bc'  ex- 
cellently grounded  with  all  lines  being  inter-connected  before  the  grounding 
system  is  reached.  It  was,  however,  difficult  to  decide  if  the  coaxial  lini’S 
from  the  antennas  were  grounded  at  both  ends  or  just  at  one  end. 

I.  3 Reduction  of  the  Noise  ProbU-ni  by  Installation  of 
Static  I ^ i s c h a r g e r s 

In  September  of  1976  the  Midway  Tower,  Chicago  successfully  re- 
duced their  corona  problem  with  the  installation  of  static  dischargers  on 
the  lightning  rods.  Other  locations  installed  similar  devices  and  the  ovi-r- 
all  results  were  usually  significant.  Chicago  indicate  about  an  80-90"o 
reduction  in  the  occasions  of  corona  noise,  although  tlu'  devices  gave  no 
improvement  at  Fairmont.  Logan  Airport  instalK-d  them  in  mid  August 
which  s('emed  to  improve  the  situation,  sinci-  during  some  local  storms 
in  the  following  month  no  noise  problems  existed.  However,  noise  was 
monitored  again  during  snowstorm  and  higli  wind  conditions  d\iring  the 
winter. 

Thi-  static  dischai'gers  used  at  most  t)f  these  facilities  are  madi'  by 
Dayton  Aircraft  Products  of  Fort  Lauderdale,  whose  literatun-  aji]n-ars 
in  Appendix  A.  These  static  dischargers  are  primarily  for  aircraft  use 
where  they  offer  a controlled  path  to  bK'i'd  off  the  accumul at lul  charge  on 
an  aircraft.  They  attenuate  the  resultant  l)roadband  ra<iio  freqm  ncy  noise 
by  approximately  5()db  as  comp.ired  to  a discharge  Irom  the  ti]>  of  a wing 
without  dischargers  installed,  because  more  fretjuent  low  amjilitude  dis- 


an  International  Airport  Air  Traffic  Control  Tower, 
f Antenna  Layout 


[•  Injure  Jt.  (;<)nfiKiir.itU)ns  of  Anti-iiiia  Moiinls  and  I.i;;hlninp  l\ods 


charge  pulses  will  occur  with  the  small  points  of  the  dischargers  than 
with  larger  points.  In  effect,  they  attempt  to  bring  the  potential  of  the 
body  on  which  they  stand  to  the  potential  of  their  surroundings  using  the 
principle  of  point-discharge  over  many  thousands  of  special  four  micron 
diameter  wires  to  reduce  the  noise  coupling  to  the  aircraft.  Such  devices 
no  doubt  work  extremely  well  on  the  aircraft  for  which  they  were  designed. 

For  the  purposes  of  reducing  the  noise  at  ATCT  locations,  the  static 
dischargers  were  connected  to  the  lightning  rods,  as  shown  in  Figures 
4 and  5,  utilizing  3/4"  x 3/4"  x 16"  angle  iron  to  support  them.  These 
figures  show  that  the  static  discharging  wires  point  downward,  which,  due 
to  the  mounting  configuration  of  the  lightning  rods,  is  always  in  a region 
of  reduced  field  over  the  surrounding  area. 
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2.0  CORONA  DISCHARGE 

The  initial  process  of  ionization  involves  the  removal  of  an  electron 
from  a molecule,  which  in  turn  leaves  a positively  charged  ion.  Normally 
this  electron  will  attach  itself  to  a neutral  molecule  forming  a negative  ion. 
If  the  electric  field  is  sufficiently  large,  an  electron  will  acquire  a con- 
siderable amount  of  energy  from  the  time  it  was  produced  to  its  first 
collision  with  a molecule.  This  energy  can  be  great  enough  to  ionize  the 
molecule,  thereby  producing  a new  electron  and  ion.  The  process  may 
continue  such  that  from  one  electron  an  avalanche  process  occurs  which 
produces  a considerable  number  of  ions.  Because  the  electrons  are 
smaller  than  the  positive  ion  it  has  just  left,  it  udll  travel  further  than 
the  positive  ion  before  collision  and  gather  greater  energy.  This  means 
that  electrons  will  produce  ionization  by  collision  at  lower  fields  than 
positive  ions.  When  this  process  of  ionization  by  collision  is  confined  to 
the  small  volume  near  a point  because  of  the  enhanced  field,  we  have  the 
phenomena  of  point  discharge. 

In  air  at  atmospheric  pressure,  a field  strength  of  about  30,  000  V/cm 
is  required  for  ionization  to  occur.  When  a charge  builds  up  in  a thunder- 
cloud, the  fields  nearby  will  increase  and  the  highest  fields  will  be  close 
to  sharp  points.  These  points  can  therefore  j^rovide  a point  - di  sc  ha  rge 
current  when  the  field  is  sufficiently  intense.  Where  tlie  potential  continui-s 
to  rise,  the  conditions  may  reach  those  necessary  for  spark  discharge  or 
lightning  to  occur.  At  heights  of  several  liundred  feet,  an  isolated  groundt’d 
point  may  cause  field  enhancement  above  its  tip  of  sufficient  magnitudes  to 
be  in  corona  discharge  even  under  normal  fair  weatlier  skies.  7'his  con  na 
discharge  will,  at  such  times,  probaldy  cause  currents  of  less  tlian 
1/4  uA  to  flow  down  the  rod  to  ground.  Under  the  higlier  fielils  that  exist 
in  storm  conditions,  blowing  snow,  or  near  to  ocean  breakers  the  corona 
current  may  approach  values  of  i 00  uA  for  periods  of  about  a minute. 

Significant  levels  of  corona  current  can  also  occur  on  much  lower 
structures  under  high  field  conditions.  Basically  coron.i  current  magnitude 
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is  a function  of  point  height,  radius  of  curvature  and  wind  speed.  The 
field  enhancement  or  exposure  factor  at  the  tip  for  a 30  m tower  is  showTi 
in  Figure  11,  and  for  structures  of  different  heights  in  Figure  12. 

Corona  discharge  will,  therefore,  occur  in  the  air  above  elevated 
sharp  points.  The  breakdown  from  these  extremities  occurs  not  as  a 
continuous  flow  of  charge,  but  as  a series  of  pulses  with  roughly  10  nsec 
risetime  and  200  nsec  duration,  and  it  therefore  generates  radio  noise 
over  a broad  spectrum. 

The  effects  of  wind  on  corona  are  illustrated  in  Figure  6.  In  this 
approach  only  horizontal  winds  are  considered  neglecting  any  updrafts 
as  might  exist  before  and  during  thunderstorms.  The  last  2 m of  a 
pomted  30  m high  tower  are  plotted  in  a storm  field  of  -10,000  V/m. 
Ionization  along  the  rod  surface  will  take  place  only  where  the  field  is 
enhanced  to  values  greater  than  the  breakdown  potential  gradient  which 
is  roughly  assumed  at  1 million  V/m. 

First,  to  determine  the  outermost  boundary  of  a possible  space 
charge  cloud,  consider  the  simple  picture  where  space  charge  does  not 
effect  the  field.  Two  cases  for  v.inds  of  about  10  and  30  knots  are  shown. 
Under  effect  of  the  field  the  ions  move  upward  and  out  to  the  sides,  and 
the  wind  adds  an  extra  horizontal  component  to  their  movement,  creating 
a sort  of  concentrated  line  charge  as  the  ions  travel  around  the  tower. 

The  ion  speed  right  at  the  tower  is  very  high  and  drops  off  radidly  with 
distance. 

The  situation  can  now  be  considered  with  space  charge  limiting. 

Once  corona  is  formed  and  starts  n^oving  out  from  the  tower,  its  charge 
would  reduce  the  field  around  the  tower  to  below  the  breakdowTi  potenti.al 
gradient,  and  ccjrona  discharge  would  cease.  Within  a fraction  of  a 
second  the  wincl  would  blov.’  the  charge  clear  of  the  tower,  ex})osing  it 
again  to  high  fields,  anil  ions  would  he  formed  again  etc.  This  causes 
the  corona  currents  to  l>e  given  off  in  bursts,  as  first  observed  by 
Trichel  'in  1938. 
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The  magnitude  of  the  corona  current  increases  with  rising  wind  speed, 


as  shov,Ti  in  Figure  7,  for  0 and  35  knots.  In  the  equation  relating  the 
corona  current  i to  the  wind  speed  v and  the  point  potential  V,  Vq  i s the 
starting  potential,  D/Db  is  the  ratio  of  the  atmospheric  density  to  the 
standard,  and  k the  ion  mobility. 

i = 1.  315  Co  V (V-Vo)^^’'’  + 1.  785  Cq  k(^j  V(V-Vo) 


Since  the  point  geometry  such  as  the  radius  of  curvature  does  not  enter 
the  equation  explicitly  but  is  inherent  in  the  coefficients  and  \q  , it  is 
difficult  to  compute  theoretical  values  of  corona  current  for  a particular 
configuration. 


The  degree  to  which  the  radio  frequency  noise  generated  by  corona 
discharge  couples  into  electronic  systems  is  determined  by  the  relative 
locations  of  the  noise  source,  and  the  antenna  via  uhich  the  noise  is 
coupled  into  the  affected  system.  In  addition,  the  coupling  depends  on 
frequency  and  the  size  of  the  antenna. 

It  can  be  shown  that  indi\  idual  pulses  associated  with  a corona  dis- 
charge can  be  approximated  by  a decaying  exponential  with  zero  rise  time, 
as  follow's; 

.at 

F (t)  = Ae 


where  A is  the  pulse  amplitude  and  is  the  pulse  decay  constant.  The 
noise  spectrum  produced  by  V such  pulses  occurring  each  second  as  a 
function  of  frequency  tu  is  given  by. 


P = 


_1_ 

■£ 


Figures  shows  the  relative  noise-current  spectral  density  plotted  as 
a function  of  frequency  indicating  a rapid  drop  in  the  spectrum  rnagnituth- 
with  increasing  frequency.  The  effects  will,  therefor»-,  be  much  lower  at 
UHF  than  VIIF. 
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Figure  8.  Corona  noise  spectrum  characteristics, 
(adapted  from  reference  3) 
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3.0  SHARP  VS.  BLUNT  POINTS 

In  order  to  better  understand  the  atmospheric  conditions  around 
structures  of  various  shapes  and  heights,  a theoretical  investigation 
was  performed  of  the  corona  currents  given  off  from  sharp  and  blunt 
points,  and  of  the  electric  fields  influencing  the  corona.  Very  simplified 
situations  of  static  field  conditions  were  examined,  from  which  con- 
clusions could  be  drawn  about  the  dynamically  changing  situations. 

The  results  of  these  investigations  lead  to  some  surprising  conclusions 
which,  at  the  moment,  are  causing  several  questions  to  be  asked  in  the 
scientific  community  on  the  types  of  points  that  should  exist  on  lightning 
protective  air  terminals. 

3.  1 Eqtiations 

In  the  theoretical  calculations  the  tower  structures  were  approxi- 
mated by  prolate  spheroids,  w'hich  bear  good  resemblance  to  the  over- 
all shape  and  are  convenient  for  mathematical  treatment.  A uniform 
ambient  electric  field  was  assumed  parallel  to  the  vertical  axis  of  the 
structures,  and  the  structures  were  considered  to  be  at  ground  potential. 
For  these  conditions  Laplace's  electric  field  equations  were  solved  in 
elliptical  or  prolate  spheroidal  coordinates  as  discussed  in  references 
4 and  5,  to  give  the  potential  and  potential  gradient. 

The  resulting  equation  for  the  potential  as  a function  of  the  elliptical 
coordinate  ^ with  major  and  minor  half  axes  a and  b is. 


cp  - '•.Po  t (tP  i - tPo ) 


f d £: 

rV:  ( ^ t a-  ) ^ 4 


e;  ■(  b" ) , , 1 1 

■ r (CPs  ■ epo) 

d f 


j ( ^ t 1 V-  ( § : ) 

o 


The  potential  ,.t  the  surface  cp  s ■ E).  because  the  conducting  ellipsoid 
is  grounded,  and  the  potential  at  height  h in  the  unperturbed  parallel  field 
P.  o ePo 
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Tlie  vertical  and  horizontal  components  of  the  electric  field  are. 
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The  equation  of  the  ellipsoid, 


X 

§ -ta‘ 


§ 4 b 5 -i  C 


= 1 


is  simplified  for  the  symmetrical  case  of  the  prolate  spheroid,  where  the 
semimajor  axis  is  a,  the  two  semiminor  axes  b - c,  the  radial  coordinate 
is  the  horizontal  distance  from  the  center  of  the  ellipsoid  r - y + , and 

the  height  coordinate  h = x; 


Al. 

e,  + a‘ 


'I  + 


1 and  § = f (h,  r ) 


The  partial  derivatives  are, 

<5I_=  Ah  J§  +>l-)_  - _ 
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ground  level 

cp  - 0 


Setting  c = a^  - b^  , the  evaluation  of  the  integrals  yields, 

I.  . Lin 

I 2 1 a - c 

^ ac^  c^  a 4 c 


■’A 
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Hence  the  equations  for  the  potentials,  the  vertical  component  K»  and 
the  horizontal  component  11  „ of  the  electric  field  around  a conducted  grounded 
prolate  spheroid  in  a parallel  electri-  Held  Kq  are  as  follows: 
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These  equations  were  programmed  and  a variety'  of  conditions  were 
computed  and  plotted. 


3.  2 Theoretical  Results 

Figure  9 shows  two  cases  of  equipotenti al  lines  around  30  m high 
towers  of  different  diameter.  Fair  weather  field  conditions  of  200  V/m 
are  assumed,  however,  the  equipotential  line  distribution  gives  the 
genera]  picture  for  any  value  of  the  ambient  field,  requiring  only  a change 
in  scale.  The  left  plot  is  of  a pointed  tower  having  a 3.  3 cm  radius  of 
curvature  and  shows  the  equijjotenf i al  lines  just  around  the  tower  are 
greatly  modified  from  tlie  parallel  field  situation.  It  is  striking  how 
closely  the  lines  follow  the  tower  along  the  vertical  structure  and  how 
they  are  concentrat<'d  just  around  the  top.  Rut  just  a short  distajicc 
away  from  tht  tow'er  tlie  parallel  field  situation  is  regained.  Around 
the  blunt  structure  with  3.3  n radius  of  curvature,  the  pu  ture  looks 
quite  different.  'I'he  equipott  itial  lines  are  not  as  closely  gathered 
around  thi-  blunt  structure  as  they  are  around  tlu-  pointed  one,  but  the 
field  is  eff<’Cted  more  al  greater  distances  as  is  apparent  by  tlie  line 
co!i  cent  ration.  This  implies  tliat  under  apj'rojir  iat  e high  fields  corona 
ion i -/.at ion  occurs  only  in  the  immediate  vicii  ity  of  the  sharp  jiciint,  but 
over  a largi-r  volume  around  the  blunt  point. 

The  field  lines  run  pi' r pe  ndi  c ul  a r to  the  equ  ipot  i at  i ,il  lines  as 
rejiri-sinted  in  Figure  10.  The  collection  area  is  marked  off,  for 
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Figure  F.cuipotential  line?  around  pointed  and  blunt  towers 


ines 


which  the  field  lines  terminate  on  the  tower.  If  a liyhtninj>  leader  was 
coming  down,  and  the  phenomena  was  assumed  very  weak,  then  theo- 
retically it  would  follow  one  of  the  field  lines.  But  of  course  the  high 
charge  carried  in  a downcoming  leader  modifies  the  entire  field  line 
pattern. 

The  exposure  factors  help  determine  how  soon  and  out  to  what 

distance  a tower  will  go  into  corona.  Figure  11  shows  two  30  m high 

towers  with  radius  of  curvature  Yo  cm.  Lines  of  equal 

value  were  drawn  for  the  exposure  factors  in  an  area  around  the  top  of 

the  towers,  using  double  logarithmic  scales  to  show  detail  near  and  far. 

Starting  from  the  tower  top  upward,  conditions  were  examined  j^mrn, 

Itnm,  1cm,  10cm,  Im  above  the  lower;  the  same  was  done  going  down 

from  the  top  and  going  outward  from  the*  center.  The  discontinuity  in 

the  center  of  the  graph,  where  the  data  sets  are  merged,  is  insignificant 

The  enhancement  at  the  tip  is  of  the  order  of  10,000  for  the  sharp  point, 

but  only  100  for  t.he  blunt  point.  This  means  that  only  fields  of  the  order 

of  too  V / are  reqviired  for  the  sharp  point  to  be  in  corona,  which  is  in 

agreement  with  exp<- r iment al  results  from  a sharp  point  giving  up  to 

q- ij  amp  current  in  fair  weather  fi^dds.  For  the  blunt  point  however,  cun 
4 

ditions  of  10,000  V/rn  are  required  before  corona  is  given  off.  It  should 
bv'  notetl  that  the  enhancement  for  tin-  sharp  jjoint  drops  off  rapully  with 
distance,  it  is  down  to  a '’actor  of  10  onl/  iO  cm  iibove  the  tip.  The  en- 
hancement i){  Ihi'  blunt  ])oinl  is  larg«-r  at  these  fiistances  and  drops  clown 
to  10  otdy  at  twice  this  distance,  tjr  fiO  cm  ,ibo\e  the  top. 

r'he  sh.irj)  point  goes  into  corona  m lev,  fields  and  just  immediately 
around  the  tip,  the  blunt  point  goes  into  corona  only  in  high  fields  but  out 
to  greater  distances  fror'''  the  tower. 

In  Figure  IZ  the  exposure  lactors  are  plotted  \ ersus  height  for  two 
valiu'S  of  radius  of  lurvaturi',  1 mm  .incl  1.  1 cm.  This  data  < an  be  usi  ful 
in  t or  I elating,  measurements  from  different  heights,  or  for  deti-rmin'iig 
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the  minimum  height  of  a structure  for  corona  breakdown  to  occur,  given 
the  values  for  the  ambient  field  and  the  sharpness  of  ihe  structure.  The 
thick  line  gives  the  enhancement  relationship  at  the  top  of  the  structure, 
the  solid  lines  are  valid  at  distances  vertically  above  the  structure,  and 
the  dashed  lines  are  valid  at  the  edge  of  the  structure  below  the  top. 


The  exposure  factors  for  the  sharp  point  are  very  large  immediately 
around  the  tip,  but  they  are  exceeded  by  the  exposure  factors  for  the  blunt 
points  at  greater  distances  out  from  the  structures,  say  Im  above.  This 
indicates  that  when  tlie  blunt  point  goes  into  corona  it  will  do  so  over  a 
much  larger  volume,  but  this  will  only  happen  when  the  fields  are  exception- 
ally high  as  is  the  case  in  close  proximity  to  an  advancing'  lightning  leader. 

It  is  highly  likely  therefore,  lhat  a lightning  rod  with  a blunt  point  will 
attract  lightning  to  it  much  easier  than  a sharp' point  would  do  at  the  same 
location.  Results  such  as  these  were  the  reason  wny  a ball  was  placed  on 
top  of  the  lightning  rod  standing  on  the  Saturn  launch  hardware  during  the 
Apollo  launches  from  Cape  Kennedy. 


3 . 3 Experimental  Results 

Experimental  results  on  sharp  and  Ijlunt  points  have  been  olitained  by 

Dr.  C.  B.  Moore  of  New  Mexico  Tech,  who  summarizes  the  behavior  of 

(6) 

the  lightning  rod  in  the  following  paragraphs: 


"Benjamin  l-'ranklin  invented  the  lightning  rod  arounfl  the 
year  17-!‘l  when  he  discovered  that  a sharpened  metal  rod 
brought  near  a charged  isolated  ball  could  cause  electricity 
to  flow  through  the  air  and  to  discharge  the  ball  without  a 
visible  spark.  This  observation  led  him  to  suggest  that 
elevated,  siiarpi-ned  rods  might  possibly  discharge  thunder- 
clouds and  thus  prevent  the  occurrence  of  lightning.  When 
lie  tried  out  liis  idea,  he  found  instead  that  his  ilevatcd, 
metal  rod  often  became  a preferential  path  to  ground  for 
the  lightning  which  occurred  des])ite  his  e fforts:  his  lightning 

rod  Intel  a ciiffcrent  mode  of  ofieratiori  than  the  one  that  promp'ed 
his  experiment.  Er.'inklin  ther  nilter  (iromoted  the  use  of 
lightning  rofls,  hut  adhered  to  the  view  tliat  they  should  he 
sharpeneci  in  the  hope  that  the  first  process  might  also  occur 
anti  ll  erehy  he  heiiefic  ial. 


Two  schools  of  thought  subsequently  developed:  on€*  favored 

Franklin's  sharpened  rod  for  liglitning  protection  and  the  other, 
the  English  school  led  by  Benjamin  Wilson  and  George  111,  urged 
the  use  of  blunt  lightning  rods  on  the  basis  that  sharpentd  rods 
might  promote  the  striking  of  lighcning  when  otherv.ise  a dis- 
charge would  not  have  occurred.  Contemporary  American 
practice  is  to  use  sharpened  lightning  rods,  but  appreciable 
evidence  exists  that  objects  within  the  nominal  "cone  of  protection" 
of  a sharpend  rod  can  be  struck  by  lightning  and  no  explanation  for 
this  behavior  has  been  suggested. 

We  have  modelled  lightning  rods  both  numerically  and  experi- 
mentally to  determine  their  response  to  an  approaching  lightning 
streamer.  Our  results  ind’cate  that  lightning  can  be  induced  to 
'strike'  any  surface,  but  that  a sharpened  rod  is  much  less  likely 
to  lie  'struck'  than  a blunt  one.  Siiarpened  rods  seem  to  protect 
themselves  appreciably  by  the  copious  emission  cf  point  discharge 
ions  so  that  they  are  poorer  candidates  to  launch  an  upward-going 
return  streamer  when  lightning  approaches  than  is  a blunt  rod  which 
is  passive  until  the  field  becomes  very  strong.  When  the  electric 
field  becomes  sufficiently  strong  over  a blunt  rod,  dielectric  break- 
dowTi  of  the  air  occurs  at  the  blunt  tip  and  a streamer  propagates 
upward  and  often  participates  in  a major  discharge.  For  these 
reasons  it  appears  that  a blunt  rod  may  be  a better  protector  of  a 
structure  than  is  a sharpened  one  which  may  protect  itself  but  leave 
other  objects  in  its  vicinity  vulnerable. 

Perhaps  more  attention  should  have  been  given  to  the  opinions  of 
George  III ! " 

An  example  of  experimental  results  by  Standler ^”"^is  given  in 
Figure  13,  where  the  current  and  charge  release  of  a blunt  and  sharp 
rod  are  presented  that  were  obtained  in  response  to  two  close  lightning 
strokes  monitored  by  the  electric  field.  The  blunt  rod  i-mitted  1 1 lu 
coulomb  in  less  than  10  msec  from  the  first  field  pulse  received  from 
the  lightning  flash,  while  the  sharp  rod  released  only  -t  2.  Zuooulomti. 

During  *he  first  460  msec  of  this  flash  the  charge  transfer  for  lilunt  and 
sharp  rods  are  +25  and  -8.  3 u coulomb  respectively.  The  corona  current 
graphs  also  illustrate  that  under  the  extrenulv  high  fields  of  close  lightning 
much  more  currcuit  is  given  off  by  the  blunt  rod  than  by  the  sharp  one. 


4.0  ANALYSIS  OF  THE  LOGAN  AIRPORT  NOISE  PROBLEM 

The  radio  noise  that  occurs  under  high  field  conditions  ai  VHF 
frequencies  and  occasionally  on  UHF  receivers  can  be  generated  from 
one  of  several  sources: 

1)  Corona  discharge  under  high  ambient  field  conditions  from, 

a)  the  lightning  rod  on  top  of  the  radome. 

b)  the  lightning  rods  around  the  parapet. 

c)  the  antennas  around  the  parapet. 

Z)  Corona  discharge  in  high  fields  due  to  the  radome  charge. 

3)  Streamer  noise  from  the  radome  surface. 

4)  Charge  transfer  to  the  antenna  rods  from  rain. 

In  order  to  attempt  to  determine  the  specific  source  of  noise  and  tc> 
deduce  the  onset  conditions,  measurements  of  electric  field  and  corona 
current  were  taken  at  Logan  Airport,  theoretical  calculations  weri'  per- 
formed, and  the  results  of  both  were  correlated.  The  contract  whicli  led 
to  this  report  was  for  only  a few  days  analysis;  detailed  inve  stigatioii  s 
were  not  possible  and  the  conclusions  presented  should  be  treated  as  a 
starting  point  for  a thorough  analysis  which  must  be  performed  if  the 
problem  at  many  ATCT  Icications  is  to  be  overcome. 

4.  1 Effect  of  the  Static  Dischargers 

It  is  necessary  first  to  analyze  the  corrective  prc>ceduiH's  whicli  have 
been  carrie<i  out  at  several  ATCT  locations  with  a certain  amount  of 
success,  namely  the  use  of  the  P-static  discliarger  s.  Tlie  deviit-s  are 
designed  to  bring  tlie  potential  of  the  structure  on  which  they  are  fasti  iu-d 
to  the  potential  of  their  surroundings.  In  this  case,  the  lightning  rod  is  at 
the  potential  of  the  control  tovv’er  and  ground,  ami  there  is  absolutely  no  way 
that  one  can  dissipate  the  charge  on  the  groutuied  edevated  structure  to  bring 
it  to  the  potential  of  its  su  r rouiulings.  Apart  from  this,  it  is  unlikidy  that 
corona  will  occur  at  the  P-static  dischargers  which  are  installed  in  an  an  a 
of  reduced  field  untlermuith  tlu'  grounded  c ross-meml  i-r.  C-orona  disi  hargi 


i 
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only  occurs  in  high  field  areas.  No  matter  how  many  P-static  dis- 
chargers were  connected  to  the  tower,  the  lightning  rods  would  still 
remain  at  ground  potential,  the  field  above  would  be  unchanged  and 
corona  would  still  form  there. 

The  question  remains,  therefore,  as  to  what  caused  the  improve- 
ment when  the  devices  were  attached  to  the  lightning  rods?  The  answer 
is  quite  simple  and  can  be  explained  again  by  looking  at  Figure  9.  Around 
the  sharp  point  the  equipotential  lines  hug  the  structure.  If  we  now  intro- 
duce a grounded  horizontal  cross-member,  which  subtends  an  angle  of 
almost  90°  at  the  top  of  the  lightning  rod,  then  the  equipotential  lines  must 
pass  around  it  in  a way  similar  to  that  shown  in  Figure  14. 


F’igure  14.  Flquipotential  Lines  around  Lightning  Rod  before  and  after 
Installation  of  Static  Dischargers 

The  effect  is  to  lower  the  potential  grariient  at  the  tip  by  making  tlu* 
structure  look  electrically  more  like  a rounded  object.  This  reduced 
potential  gradii-nt  makes  it  necessary  for  a nnich  larger  electric  field 
to  be  present  before  corona  breakdown  is  initiated. 

Placing  the  cross-member  lower  would  nu'an  that  corona  would  occur 
(■arlicr  as  the  field  at  the  tip  would  increase;  placing  it  higher  delays  the 
onset  of  corona  until  the  electric  fiidd  is  exceptionally  high.  Care  must 
be  taken,  however,  not  to  lift  tlie  horizontal  member  too  high  to  avoid 
corona  being  formed  on  its  »-xt  rtmiil  ii’s.  Ihe  above  figure  shows  tliat  no 
corona  will  lx-  fortlicoming  from  thf  P-st.itic  dischargers,  owing  lit  its 
environment  being  a low  fielri  condition. 
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4.  2 Determinations  of  Electric  Field  and  Corona 
4.  2.  1 Lightning  Rod  on  Top  of  Radome 

Theoretical  estimates  can  be  made  of  the  fields  under  which  the 
highest  lightning  rod  on  top  of  the  radome  will  go  into  corona.  Verifi- 
cations with  measurements  could  unfortunately  not  be  obtained  because 
the  top  was  inaccessible  due  to  high  winds  during  the  brief  test  period. 

For  an  air  terminal  with  a radius  of  curvature  of  1mm,  which  is  not 
particularly  sharp,  placed  on  top  of  a very  narrow  grounded  structure 
of  the  height  of  the  control  tower  of  about  300  ft,  an  enhancement  of  about 
18,000  above  the  ambient  electric  field  can  be  determined  at  the  tip  of 
the  rod  from  Figure  12.  As  a result  of  the  radome  and  the  wide  grounded 
structure  below  it,  however,  the  exposure  factor  at  the  tip  of  the  air 
terminal  on  top  of  the  radome  is  much  lower. 

Calculations  were  performed  to  approximate  the  Logan  tower  situation. 
A 4 ft  rod  with  1/2  nim  radius  of  curvature  was  considered,  placed  on  top 
of  a rounded  structure  w'ith  a 19  ft  diameter  at  the  top  and  112  ft  at  the 
bottom.  The  exposure  factor  at  the  tip  of  the  rod  was  determined  as 
1,700.  For  Logan  Airport  this  figure  is  representative  for  the  field  en- 
hancement at  the  top,  bet  for  other  similar  control  towers  without  a 
radome  and  with  an  effectiv'ely  higher  lightning  rod,  tlie  field  enhance- 
ment could  be  very  much  higher. 

Under  fair  weather  fields  of  say  200  V/m,  tlie  field  at  the  tip  of  the 
high*  st  Logan  Airport  lightning  rod  will  be  over  1,  700  x 200  V/m,  or 
above  340,000  V/m  which  is  not  enough  for  corona  breakd<iun.  Assuming 
a starling  potential  of  10®  V/m  for  corona,  we  need  a fiehi  of  oOO  V/n^ 
at  ground  level  to  cause  breakdown  at  t hi'  point.  Such  a \-alue  will  occur 
prior  to  thunderstorm  onset,  and  later  in  tlu-  storm  the  fields  may  reach 
values  in  exiess  of  10,000  V/m.  With  these  fit  Ids  more  current  wiL 
flow  anti  the  radio  noise  will  reach  a level  .iboN-e  the  recedver  noise  levtd. 

Tlie  onset  of  corona  can  be  dtd.'iyed  by  mtidilying  the  radius  of 
curvature  of  the  rod.  Ly  placing  a 10  cm  diameter  cortina  ball  over  tin 
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tip  of  the  air  terminal,  the  exposure  factor  on  top  would  he  reduced 
by  a factor  of  about  8 to  around  ZlO,  and  ambient  fields  of  at  least 
4,800  V/m  are  then  required  instead  of  the  low  600  V/m  fields  to 
cause  corona  breakdown.  This  modification,  however,  will  not 
eliminate  corona.  Removing  the  rod  altogether  v-ill  result  in  an 
enhancement  of  23  over  the  ambient  field  right  on  top  of  the  radome, 
a figure  low  enough  to  suppress  corona  breakdown  even  under  storm 
conditions.  Only  the  fields  of  an  approaching  lightning  leader  would 
then  be  large  enough  to  cause  corona,  however,  the  tower  would  be* 
vvitliout  lightning  protection. 

4.  2.  2 Lightning  Rods  and  Antennas  around  Parapet 

It  is  difficult  to  theoretically  come  up  with  reasonable  enhance- 
ment figures  for  the  complex  layout  of  lightning  rods  and  antennas 
around  the  parapet,  hence  it  w*as  necessary  to  take  measurements  to 
determine  these  values.  Two  field  mills  were  run  simultaneously,  one 
at  ground  level  and  one  on  the  parapet  around  the  radome.  This  gave 
a calibration  for  the  enhancement  over  the  ambient  field  at  the  second 
field  mill  location.  Then  two  field  mills  were  run  simultaneous,  one  at 
the  calibrated  reference  location  on  the  parapet,  and  with  the  other  oni- 
measurements  were  taken  at  the  locations  and  heights  of  the  lightning 
rods  and  antennas  around  the  radonie.  Froni  these  data  the  enhance- 
ments over  the  ambient  field  were  computed  at  the  rod  locations  in  the 
presence  of  the  field  mill  which  resembles  a blunted  object.  Witli  the 
aid  of  theoretical  calculations,  correction  factors  were  applied  to  these 
numbers  to  determine  the  exposure  factors  at  the  tips  of  the  air  terminals 
and  antennas  unmodified  by  the  presence  of  the  field  mill. 

These  results  are  shown  in  Thgure  15.  The  exposurt*  factors  an* 
largest  for  high  rods  with  small  radius  of  curvature  well  se]>arated  from 
other  rods  and  field  reducing  structural  featur<*s.  The  highest  electric 
fields  are  above  the  sharp  points  of  the  6 ft  air  ti’rminals.  The  fields  are 
significantly  lower  above  the  blunt,  1"  tiiam<*ter  till*  antennas  which  ar»' 
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nearly  5 ft  high,  and  even  much  lower  aOove  the  wide  3 ft  high  UHF 
antenna  structures. 

The  greatest  enhancement  of  118  exists  above  one  of  the  lightning 
rods;  under  storm  conditions  with  ambient  fields  above  8,  500  V/m  the 
point  will  be  in  corona.  If  corona  balls  of  10  cm  diameter  were  placed 
over  the  points  of  the  air  terminals,  the  exposure  factors  would  be 
reduced  by  a factor  of  8 and  ambient  fields  of  68,000  V/m  would  be 
required  for  corona  onset.  Such  high  fields  are  not  found  under  usual 
storm  conditions,  but  only  in  the  vicinity  of  an  approaching  lightning 
leader. 

The  exposure  factors  above  the  \'HP'  and  UHF  aritennas  vary  be- 
tween 3 nd  31  and  ambient  fields  of  32,000  V/m  and  higher  are  required 
f(jr  corona  onret.  It  can  therefore  be  assumed  that  the  antennas  will 
probably  not  go  into  corona  even  under  storm  conditions.  Corona 
mt  asurements  were  taken  at  several  locations  on  top  of  the  tower  and 
were  relatetl  to  electric  field  data  in  order  to  understand  the  field  line 
concentration  around  the  tower.  The  diagram  in  f'igure  16  illustrates 
the  results.  The  edge  of  the  parapet  is  in  a region  of  reduced  field 
produced  by  the  shape  of  the  structure.  The  field  increases  in  a 
radially  outward  direction  and  reaches  a maximum  at  about  4.  5 ft  out 
beyond  which  it  decreases  again.  The  largest  corona  currents  were 
measured  as  2.  3 uA  and  associated  with  fields  of  100,000  V/m  in  the 
dense  field  line  region.  The  corresponding  ambient  field  had  a high, 
positive  valiu  of  1,200  V/m  probably  caused  by  snow  conditions  ik  M'  ; 
the  Boston  region. 

Similar  corona  mcdSU  rement  s were  taken  below  and  ,»bo\t  t 
lightning  rods,  and  it  was  found  that  the  tip  of  the  roil  is  ■!. 
fluced  fielil.  I'hret?  f«-et  abovi'  its  tip  th<-  fii-ld  if  f . r ! 

1 ft  auove.  To  fulfill  the  purpose  of  lightning  jiroi  ' 
terminals  must  have  a minimum  height  of  t I",  w 
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thf  heiglit  of  the  VHP'  antennas.  If  the  lightning  rods,  however,  were 
much  liigher,  tht'n  their  points  would  he  in  a more  concentrated  field 
line  region,  and  corona  onset  and  associated  noise  problems  could  be 
n\uch  more  frequt'nt  and  persistent.  Raising  the  lightning  rods  to  move 
the  corona  source  further  away  from  the  ant€-nna,  can  therefore  not  be 
considered  as  a simple  solution  to  the  noise  problem. 

It  appears  that  currently  the  noise  problem  may  be  associated  with 
corona  discharge  from  tlie  lightning  rods  around  the  parapet,  which  are 
located  in  close  proximity  to  the  receiver  antennas.  Corona  discharge 
from  the  antennas  themselves  does  not  seem  likely.  The  lightning  rods 
have  probably  been  placed  close  to  the  antennas  to  protect  them  from 
direct  strikes.  By  moving  the  lightning  rods  further  away  we  have  the 
result  tliat  corona  noise  may  be  reduced  but  the  possibility  of  a direct 
strike  to  the  antenna  is  increased.  However,  in  the  existing  positions 
tliere  is  a V’ery  great  possibility  of  a sideflash  from  the  liglitning  rod  to 
the  antenna  over  several  feet  because  of  the  inductance  of  the  receiving 
system.  The  corona  onset  can  be  suppressed  by  placing  10  cm  diameter 
corona  balls  over  the  point  of  the  lightning  rod.  With  such  a modification 
it  apjjears  that  corona  from  the  rods  around  the  parapet  should  not  be  the 
source  of  a noise  problem  under  high  field  conditions.  Only  vhen  lightning 
is  about  to  strike  the  tower  or  the  immediate  vicinity  could  corona  caused 
noise  problems  be  experienced. 


4 . 3 Effect  of  the  Radome  Chat^t? 

Under  severe  snow  and  blowing  conditions  a very  large  potential 
difference  may  occur  between  tlie  dielectric  surface  of  the  radonic  and 
the  surrounding  strvictures.  If  this  surface  has  an  electric  field  intensity 
that  is  sufficiently  liigh  to  cause  voltage  breakdowTi  across  the  plastic 
surface,  then  a streamer  discharge  may  occur  which  cati  generate  serious 
radio  interference.  Near  the  ocean  where  high  charges  exist  due  to  charge 
separation  in  breaking  waves,  such  charges  may  be  transported  in  a high 
wind  and  niay  cause  rapid  buildup  on  the  radome.  Driving  snow  will  also 
cause  a charge  buildup.  Hence,  the  possitnlity  that  the  radonu*  can  become 
sufficiently  charged  to  cause  streanier  discharges  has  to  be  considered. 

Tile  charge  accumulated  on  the  radome  may  have  a second  effect.  It 
may  create  high  enough  fields  conducive  to  corona  discharge  from  points 
in  its  vicinity  such  as  the  lightning  rods  which  are  about  4 ft  away  or  the 
sharp  edges  of  the  ladder  only  1ft  away. 

To  investigate  the  magnitude  of  the  charge  that  may  reside  on  the 
dielectric  surface,  electric  field  measurements  were  taken  a short  dis- 
tance away  from  some  radome  panels  that  w'ere  charged  by  rubbing  with 
a glove.  The  results  are  shown  in  Figure  17.  The  radome  was  charged 
to  -29,000  V creating  an  electric  field  of  -24,000  V/m  at  a distance  of 
4 ft  at  the  tips  of  the  lightning  rods  around  the  papapet  as  well  as  on  top 
of  the  radome.  Since  an  enhancement  of  12  above  the  ambient  field  exists 
4 ft  above  the  radome  in  the  absence  of  the  air  terminal,  the  charged 
radome  would,  at  the  distance  of  4 ft,  have  an  effect  equivalent  to  a 
change  in  the  ambient  field  of  -2,000  V/m.  Whatever  the  effect  is,  it 
would  persist  for  extended  periods  of  time,  as  it  was  found  that  the  charge 
remained  on  the  radome  beyond  the  duration  of  the  experiment  and  did 
not  drain  off. 

The  field  of  the  charged  radome  may  reinforce  or  counteract  the 
existing  ambient  field.  It  is  difficult  to  estimate  the  effect  on  corona 
formation  above  the  rods,  as  the  equipotential  lines  there  an-  not  tuirmal 
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Figure  17  . 


Kffeet  ol  t adome  charge  on  electric  tic  Id. 
(distorted  Scale) 


to  the  rods,  hence  their  effect  is  reduced.  To  understand  this  probh-m 
would  require  involved  computations  and  additional  measurements.  At 
the  location  of  the  ladder  about  1ft  away  from  the  radome  the  fields,  due 
to  the  radome  charge,  are  even  much  higher  of  the  order  of  -95,000  V/m, 
and  at  the  ladder  support  and  the  bottom  of  the  highest  lightning  rod  the 
field  might  be  so  high  that  there  exists  continuous  corona  discharge. 

Furthermore,  the  potential  of  the  radome  could  reach  values  much  higher 

than  those  we  caused  with  a leather  glove.  i 

Charge  deposited  on  a dielectric  surface  such  as  the  radome  is  bound 
there  because  the  surface  is  an  insulator.  As  a results,  under  precipi-  ^ 
tation  charging  conditions,  it  is  possible  for  a potential  difference  of  tiuis 
of  kilo\-olts  or  more  to  exist  between  a dielectric  surface  and  the  neigh- 
boring structural  parts.  As  charge  continues  to  accumulate  on  the  die- 
lectric, the  potential  to  the  structural  parts  rises  until  the  electric  field 
intensity  at  the  dielectric  surface  becomes  sufficiently  high  that  voltage 
breakdown  or  streiimer  discharge  occvirs  across  the  plastic  surface.  A 
surface  streamer  involves  the  rapid  transfer  of  charge  over  a sutistantial 
distance,  and  also  generates  serious  radio  frequency  interference. 

The  degree  to  which  the  radio  frequency  nois<'  gent-rated  by  corona 
and  streamer  tlischarges  couples  into  c-lectronic  systems  is  deti'rmini'd 
by  the  relative  locations  of  the  noise  source,  and  tlie  receiving  antennas 
via  whicli  the  noise  is  coupled  into  tlie  affected  system.  In  addition,  tlie 
coupling  depends  on  frequency  and  tlie  size  of  the  antennas.  This  sub- 
ji'ct  is  quite  complicated  and  reciuires  further,  extensive  investigations. 

4.  4 Charge  Transfer  from  Rain 

The  charge  on  rain  hitting  the  receiver  antennas  will  cause  a currini 

to  flow  to  ground  through  the  receiving  circuit  that  might  be  of  tlu'  same 

order  of  magnitude  as  the  normal  signals  and  hence-  produce-  noise  inter- 

fere-nct-.  To  investigate  this  hyjiothesis,  a maximum  t hargi-  on  a single 

raindrop  was  assunu-d  as  - Z.  3 x 1 0 C"  = - 1. -1  x 1 0 i-lectrons  from 

( ^ ) 

C'/halnu-rs,  If  100  such  raindrops  fe-11  on  the  anti-nna  per  se-cond  trans- 
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ferring  their  charges,  a current  of  2,  3 x 10  (,iA  would  be  flowing.  This 

would  result  in  a voltage  of  1.  2 x 10  ^ijV  across  the  receiver  impedance 

- 1 8 

of  50Q,  at  a power  of  2.  6 x 10  Watt. 

The  receivers  operate  at  a signal  level  of  2.  5 to  3 uV  with  a normal 
ambient  noise  level  of  luV,  which  is  about  two  orders  of  magnitude  greater 
than  the  noise  attributed  to  the  charge  transferred  from  rain.  It  is  there- 
fore unlikely  to  be  a source  of  the  noise.  If,  however,  the  assumed  figures 
of  number  of  drops  per  second  and  charge  per  raindrop  do  not  represent 
maximum  values,  then  radio  interference  from  cliarged  rain  might  st’ll  be 
possible.  This  is  more  likely  to  be  tlu-  case  above  the  Logan  tower  where 
tlu'  rain  niay  gather  an  enormous  charge  due  to  exci'ssive  corona  in  that 
envi  rommuit. 

4.  S Summ a r y 

(.')f  the  suggt'stions  i>ut  forward  as  the  sources  generating  radic>  noisi- 
the  pi.)ssibility  t)f  corona  discharge  app^-ars  to  be  the  most  likely  one. 

Coron.i  from  the  anti-nnas  sei  ins  unlikelv,  corona  from  the  lightning  rod  on 
to])  of  tlu'  radome  may  ])ossil)ly  cause  interfi'rcnci',  and  corona  from  the 
air  ti'rminals  around  tlu'  parapet  sm'm  to  bi’  the  most  likt'ly  sourci'  bi'cause 
of  tlieir  j)roximity  to  the  m'ci  i\'er  atitennas.  A modification  was  suggesti-d 
that  would  eliminati'  tlu>  <.-orona  discharge  from  the  lightning  ro<ls  under 
usu.il  storm  conditions,  and  it  consisted  of  10  cm  diameter  coron.i  balls  to  he 
])laci’d  over  the  tij)  of  tlu>  lightning  rods  giving  them  a l>lunt  a])])i’a  i ance. 

This  modification  is  also  thought  to  enhance  the  lightnin]’  ])rotection 
ca])abilitii’s. 

The  effei't  t)f  the  charge  t)n  tlu'  radome  in  the  form  t)f  stn-anu-r  dis- 
charges or  corona  from  close  j)oints  was  recogni/a-d  as  im})oitant,  l)ut 
could  not  be  widl  fli'fined  as  to  its  severity.  It  w.is  iletermiiu'd  however, 
that  once  thi-  radoim-  w,\s  charged,  it  would  lu)ld  its  ])ott'nti<il  fii  r a eon- 
sideral)le  j)criod  of  time,  m'sulting  in  ])rolonged  I'ffects. 
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The  charges  on  raindrops  being  transferred  to  the  antennas  are  not 
believed  to  establish  a large  enough  current  flow,  and  lienee  are  not 
likely  to  be  the  source  for  radio  noise,  but  this  assumption  is  based  on 
rain  charge  measurements  under  very  different  situations. 

One  must  realize  that  the  conclusions  presented  here  should  only 
be  treated  as  a starting  point  for  a thorough  analysis.  The  corrective 
measures  of  adding  corona  balls  might  eliminate  the  most  significant 
contribution  to  the  noise  problem,  but  other  structures  nearby  may  still 
cause  corona  noise.  The  effects  of  the  charge  on  the  radomc  and  charge 
transfer  from  raindrops  have  also  not  been  welt  identified,  and  inter- 
ference may  be  recurring.  The  problem  must  bi‘  understood  in  detail. 

It  is  necessary  to  know  the  receiver  noise  level  as  a function  of  distanc  e 
from  the  source,  source  magnitude,  frequency  ami  antenna  gain.  Once 
such  tests  have  been  performed  it  should  be  easy  to  make  recommendations 
for  lightning  rod  radius  of  curvature  and  distance  from  a particular  antenna. 


PROPOSAL  FOR  tf:sts  lf:ading  to  general 

RECOMMENDATIONS  ON  I<;LIMIN ATING  RADIO  NOISE 


S.  0 


A single  coordinated  study  for  a few  months  on  the  VHP'  radio  noise 
problems  that  are  a hazard  at  many  ATCT  locations  around  the  country 
wovild  save  considerable  time  and  effort  which  is  at  present,  being  ex- 
pended by  niany  engineers  from  Btjston  to  Chicago  to  Denver  and  Seattli-. 

The  tests  could  he  performed  at  any  establishment  where  VHF  and 
UllF'  receivers  could  be  made  available,  but  there  would  be  many  ad- 
vantages in  carrying  out  the  experiments  at  an  ATCT  location  such  as 
at  Logan  Airport. 

It  would  bt-  necessary  to  havi'  recei\ers  and  anti’nnas  similar  to  the 
t)nes  used  at  A'l'CT  locations.  A lightning  rod  would  be  modified  to  allow 
corona  current  measu  renu-nt  s to  be  made  at  its  base  vising  a 10  ohm  series 
resistoi'  and  pre- amjilifier  capable  of  allowing  n-cording  of  currents  to 
better  than  O.ZSuA.  The  receiver  noise  le\el  would  be  monitored  as  a 
function  of  corona  current  and  distance  of  tlu'  antenna  from  the  corona 
sou  rc e . 

The  experiments  would  be  repealed  for  different  ratlii  of  curvature 
of  the  rod,  as  more  active  corona  around  a sharp  point  juissilily  emits 
more  radio  noise  than  a similar  corona  current  from  a blunter  rod  undi'r 
higher  field  conditions.  At  this  time  a relationship  woulci  he  established 
relating  corona  current  to  radio  noise  as  a function  of  distance  and  point 
sharpness. 

It  would  then  hi-  necessary  to  n-late  lightning  rod  corona  current  to 
the  unperturbed  i-lectric  field  as  a function  of  control  tower  height  and 
geometry.  I’his  could  hi-  achieved  by  both  expe  r inu-nt  al  and  theori-tical 
experiments  comjiuting  enhancement  factors.  A fiild  mill  would  be  located 
at  ground  level  on  flat  terrain  away  from  any  large  obstructions,  such  as 
in  the  center  of  an  airfield.  The  eli-ctric  field  values  at  that  point  would  he 
lorrelated  with  those  on  top  of  the  control  tower  and  at  various  points  around 
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the  region  of  the  VHF/UHF  receiving  antennas.  This  data,  along  with  theo-  I 

retical  data  similar  to  that  shown  in  Section  3,  would  lead  to  a relationship  1 

between  corona  current  and  unperturbed  electric  field  as  a function  of  j 

i 

lightning  rod  position,  height  and  sharpness,  | 

Recommendations  would  then  be  made  relating  the  worst  expected  | 

electric  field  data  to  the  likelihood  of  radio  noise  for  different  antenna  ; 

locations.  This  information  should  allow  the  selection  of  suitable  sites  for 
the  receiving  antennas,  or  corrective  measures  to  the  lightning  rod  position 
and  sharpness  in  order  that  radio  noise  be  eliminated. 

It  is  worth  noting  that  it  is  possible  to  install  a simple  field  monitoring 
device  that  would  warn  an  observer  of  high  electric  fields  in  his  environment 
and  hence,  the  possibility  of  radio  interference.  Such  a device  may  be  useful 
if  the  geometry  and  height  of  a receiving  site  is  such  that  some  local  corona 
sources  could  not  always  be  suppressed. 
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ABSTRACT 


Significant  pai-anietcrs  which  contribute  to  resistivitv  mn^nitudct,  are  dis- 
cussed. Resistivdty  values  froni  referenced  sources  as  well  os  those  .aeasui-cd 
by  NAl'EC  personnel  are  presented. 

The  dcsisxn  of  an  XIT  ground  rod  testinj;  program  is  outlined.  XIT  ground 
rod  resititance  performance  is  comparefl  with  copper  clad  steel  rods  ojid  these 
steel  ro>ls  enhanced  with  salt  rinjrs.  XIT  rods  are  described;  resistance  measure- 
ment data  is  presented  ;md  discussed. 

Resistivity  metisurements  at  seveiml  Federitl  Aviation  Administration  facil- 
ities ore  discussed.  These  measurements  employed  the  four  probe  measurement 
technique.  Utilizin;^  these  resistivity  values,  resistance  computations  arc  presec.ted 
for  a ttrounding  configuration  consistinsc  of  Jtround  rods  interconnected  with  buried 
bare  wire.  Formulas  used  to  obtain  calculated  resistances  are  presented  and 
limitations  on  their  accuracy  are  addressed.  Calculated  versus  mensureci  resis- 
tance values  are  shown.  The  importance  of  a survey  to  obtain  pertinent  data  on 
which  to  base  a desisjn  of  a ttroundinjj  confifijuration  is  discussed.  Alternative  grour  1 
counterpoise  designs  oj-e  su£«fested. 

It  is  concluded  that;  (1)  XIT  cq-ound  rods  provide  lower  resistance  than 
standard  copper  clad  steel  rods  and  the  variobilih'  of  this  resistance  versus  time 
is  sitpiificantly  less.  (2i  Where  hic^h  earth  resistivity  mafrnitudes  are  encountered, 
it  may  be  economically  infeasible  to  obtain  a desired  resistance. 
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[N  I RODUCTION 


The  Federal  Aviation  Administration  (FAA)  has  been  recently 
involved  in  XIF  rod  resistance  and  earth  resistivity  measurements. 

The  XIT  rod  is  a chemically  tilled  pipe  serving  as  a ground  rod. 

I'he  XFl  rt)d  task  involved  the  development  of  test  criteria,  the 
selection  of  test  beds,  the  installation  of  test  samples,  and  the 
collection  and  analysis  of  data. 

The  earth  resistivity  measurements  were  taken  at  planned  field 
sites  for  Air  Route  Surveillance  Radars  (ARSR)  and  at  XIT  rod  test 
bed  locations.  Measurement  results  are  presented  and  approximations 
of  ^rounrl  configuration  resistances  are  calculated  lor  ARSR  sites. 


RFSISTIVI  I'Y 


Resistivity  is  the  resistance  times  the  cross  section  area  divided  by 
the  length: 


where is  in  ohm -meters 
R is  in  ohms 

A is  cross  sectional  area  witli 
dimensions  in  meters 

- 8 

Resistivity  of  copper  at  room  temperat\tre  is  1.  7 x 10  meter-ohms. 
Tungsten  is  2.  5,  zinc  3.  3,  iron  6,  lead  12  and  brass  four  times 
the  resistivity  of  copper. 

The  resistivity  of  the  earth  covers  a wide  range.  Figure  1 shows 
estimated  average  resistivity  values  in  the  United  States.  Area 
values  are  33,  67,  125,  250,  500,  1000,  and  2000  meter-ohms.  .As 
far  as  earth  ground  configuration  installations  are  concerned,  the 
lower  the  number  the  better.  Table  1,  Geological  Period  and 
Formation,  lists  earth  resistivity  values  by  geological  periods  and 
formation.  Values  range  front  1 to  10,000  nteter-ohms.  lable  2 
lists  soil  resistivity  values  measured  at  various  FAA  locations. 

Table  2 values  were  obtained  by  using  the  four  probe  method  with  a Riddle 
meter.  Values  range  from  10  to  29,000  meter-ohms. 

Resistivity  is  dependent  upon  type  of  soil,  moisture  content  of  soil, 
temperature  of  the  soil,  porosity  of  the  soil,  and  chemical  content 
of  the  soil.  .Since  these  parameters  may  differ  with  the  depth  of 
layers  or  combinations  of  layers  in  the  earth  resistivity  may  vary 
with  flepth.  A general  note  regarding  concrete  below  ground  level  is 
that  it  is  a semi  - conduct  ing  material  with  a resistivity  of  about 
30  meter-ohtns  at  20  C. 
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.OCATION 


I 

jUeauinunl, 
! Texas 


K\  Paso, 
Texa  s 

6 1. 82 

Tolie, 

Colorado 

1 5 4.  8 5 

Thatcher, 
Colo  rado 

2t.0. 

Phoenix, 
A r i zona 

267. 98 

W LUlwoocf, 

N.J. 

' 

327 . 86 

Me  Dill  AFK 
Florida 

691.  36 

OuelLe, 

Florida 

1466 . 02 

'NAFKC  , 3b«K. 

j Tampa,  | 
j Florida  ' 6070.92 

Fletcher,  , 

Florida  j 16  320. 

j. 

Bell,  1 

i Florida  j 25892.  35 

Chester- 
field, S.C.  2 99 ‘■>6. 


TYPE 

SOIL 


Cjumljo 


TEMPERATURE  MOISTURE  I SURVI-iY 
(FI  CONDITIONS  DATE 


Loam 

Limestone 

Rock 


Santl 
with 
pebhl  es 
mixed 


Loam 


Ri.)ad  Gravel 


White  Sand 


Moist 


4/13/76 

4/14/76 


5/ll/7t 


t)  loot 


Moist,  W at  e I 
1 a )1  e i)  loot 


Sand 

Porous 


2/8/77 


4/22/71 


2/4/77 


2/4/77 


2/8/77 
2/  10 /7t 


XIT  RODS 


These  rods  are  chemically  filled  copper  ground  eleclrodes. 

They  are  patented  by  XIT  Rod  Company,  Covina,  California.  The 
diameter  of  the  rod  is  2 1/8”  O.  D.  , the  wall  thickness  . 083".  The 
material  is  copper.  These  rods  can  be  ordered  in  eight  feet,  ten  feet, 
and  twenty  feet  lengths.  Where  bedrock  is  encountered  L shape  rods 
can  be  provided.  Atniosphere  moisture  is  absorbed  by  the  salt  contents  and 
the  resulting  chemical  solution  seeps  into  the  soil  lowering  the  resistivity 
of  the  soil. 

XIT  ROD  TEST  DESIGN  AND  INSTAEEATION 


Two  ten  foot  5/8”  copper  clad  steel  (CCS)  ground  rods  were  driven 
into  the  soil  at  the  same  time  as  the  XIT  rod  was  installed.  One  of 
these  CCS  rods  liad  a salt  ring  two  feet  inner  diameter  and  four  feet 
outer  diameter  and  dug  to  a foot  depth.  A ten  foot  hole  was  augered; 
five  pounds  of  table  salt  and  four  gallons  of  w-ater  were  placed  at  the 
bottom  of  tlie  hole  and  the  XIT  rod  placed  therein.  The  hole  was  then 
backfilled  and  tamped.  The  three  ground  rods  were  placed  30  feet 
apart.  Test  bed  selection  criteria  were:  (1)  low  earth  resistivity  area 

of  zero  to  300  ohms  per  meter  in  both  moist  and  dry  regions  (2)  medium 
earth  resistivity  area  of  301-600  ohms  per  meter  in.  both  moist  and  dry 
regions  and  (3)  high  earth  resistivity  area  of  601  ohms  per  meter  and 
above  in  moist  and  dry  regions. 

Using  the  Biddle  earth  tester  as  the  measurement  device  and  the  four 
probe  measurement  method  test  sites  were  selected.  The  sites, 
resistivity  range,  and  moist  or  dry  classification  are  shown  in  Table 
3.  Calculated  resistance  versus  measured  resistance  of  the  sites  is  also 
shown  in  Table  3. 

XIT  ROD  TESTING  RESULTS 

Figures  2-8  are  plots  of  resistance  versus  time  for  the  three  type  rod 
configurations  at  several  locations.  The  XIT  rods  provide  lower 
resistance  grounds  than  copper  clad  steel  rods  with  or  without  a salt 
ring  and  the  resistance  variability  versus  time  is  less.  The  copper 
clad  steel  salt  added  rod  provides  lower  resistance  and  the  resistance 
variability  versus  time  is  less  than  the  copper  clad  steel  rod. 
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Fimire  3 is  tlie  ri'sistaiu  e sersus  time  oi  an  XM'  rod  witli  lour 
additional  holes  drilled  t)it  each  side  about  two  I'eet  iiparl  alonn  the 
length  of  ihe  rod.  As  can  be  seen,  the  ability  t)l  this  I'od  to  maintain 
a stabilized  i^round  resistance  is  very  ;;ood.  The  idea  to  provide 
additional  openintts  iit  the  rod  to  allow  more  chemical  solution  to  flow 
into  the  S(.)il  alony  the  length  of  the  rod  was  originated  !)y  the  author  in 
1975  and  implemented  on  Feliruary  23,  197t>.  Look  at  Fij,are  5 and  lujte 
tluit  at  the  Chesterfield,  South  Carolina  site  the  copper  clad  steel  rod 
resistaiu't!  readines  are  altove  the  maximum  scale  of  10,000  ohms  on 
the  Biddle  tester  and  3,000  ohms  on  the  \’iijrog  round  tester.  Additionally, 
the  decrease  in  resistance  when  salts  are  provid€;d  ti.>  the  soil  is  significant. 

Figure  9 shows  the  XII'  rod  resistance  for  five  test  sites  versus  time. 

Figure  10  shows  the  copper  clad  steel  (CC.S)  rod  ( .vilh  salt  ring  added' 
resistance  for  five  test  sites  versus  time. 

Figure  11  shows  the  copper  t lad  steel  rod  resistance  for  five  test 
sites  versus  tinie. 

Figure  12  compares  the  resistance  of  CCS  rods  versus  XIT  rod 
resistance  at  five  sites.  Note  that  in  all  cases  the  XI  F rod 
resistance  is  one  half  or  less  in  comparison  to  a copper  clad  steel 
ground  rod.  The  approximate  percentages  tire:  NAFEC  50‘Vo;  FI  Faso 
37‘''o;  Fhoenix  35'Iii;  Wildwood  33"'(i:  and  Beaumont  4'l’o.  For  the 
Chesterfield,  S.C.  site  the  percentage  is  approximately  20"'.. 

In  the  design  of  a grounding  configuration,  it  is  important  to  realize 
that  the  addition  of  2 or  3 CCS  groundiitg  rods  will  not  necessarily 
equal  the  performance  of  one  XII'  ground  rod.  Later  in  this  paper  we 
will  provide  an  example  to  demonstrate  this. 

AIR  ROUTE  SURVKILLANCE  RADAR  GROUNDING  M EASURFM FN  TS  AND 
CONFIGURATION 


Figure  13  is  the  grounding  configuration  for  FAA  only  sites. 

A goal  of  five  ohms  resistance  was  set.  More  than  twenty  sites  are  ti' 
be  measured  for  resistivity  values.  The  FAAinstallation  will  consist 
of  17  copper  clad  steel  rods,  10  feet  long  and  3/4"  diameter,  inter- 
connected with  4/0  l)are  wire,  about  li28  feet  in  length,  buried  to  a depth 
of  abt>ut  two  feet. 
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Cirouiidinu  c(.)nl'i^uration  ca  1 1' ul at  ion s 
lo  rinulas : 


were  made  usin^  llie  lol  lowing; 


(1)  Resistivity  ( r 2 R 


(2)  ResisUuice  i 

(one  rod)  .<(11  ' T "1 

(3)  Resistance.  - 

(n  rods)  V ' 


(4)  Resistance  = mm  / - 

Ctu.Rf ) 

,s,  .>--U.nen 


w)iere  s is  spacing  between  probes 
R is  meter  reading  in  ohms 
is  resistivity 

r is  raciius  ot  rod 
^ is  lenuLli  <.)1  rod 

^^j^whdre  s is  spacing  of  rods 


where  d = depth  of  buried  wire 
r is  radius  of  wi  re 

„„e.ee.P  f 0 . 

T.p^ 

Calcidate  Formula  (4) 

Calculate  P by  t'ormula  (3) 


For  the  h'AA  i^roundiniR  confimi  rat  ion  considered  Formulas  (2),  (3), 

(4)  and  forP  may  be  simplified  to 

< \UJK^ 

h|  — h I P U-e/etAli.  (i,  I ^ ^ Ku<H  a-1  (. 

hK-Fp;P  i^ac.4. 
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ICarth  resistivity  measurements  were  made  by  a NAI*'HC  team  employinu 
the  four  probe  technique  (FiLture  141.  Measurements  were  made  for  various 
probe  spacin;4s  and  at  several  points  within  the  2 SO  x 2S0  site  location. 

At  some  sites  th<5  earth  resistivity  was  ft)und  to  be  uniform  to  a deptli 
of  30  feet  or  more  whereas  at  other  sites  the  earth  resistivity  varied 
with  depth. 

In  Table  5 the  Ivor,  Virjiinia  ARSR-3  site  is  sliown  to  have  a calculated 
resistance  of  14.07  ohms.  This  exceeds  our  resistiince  ^oal  of  five  ohms. 
Let's  consider  sonie  alternative  approaches  to  rechu  iny  the  resistance 
of  the  groundin”  ci.)nfi'4u  ration  at  this  site.  Note  I rom  Table  U the 
resistance  may  l)e  reduced  to  8.  I ohms  by  installinu  lOO  foot  rods  to 
replace  the  lO  foot  rods.  This  is  equivalent  to  requiring  153  additiotial 
ground  rods.  Figvire  12  indic;ates  the  resistance  ot  an  XI  T rod  is  less 
than  one  laul.  Data  indicates  a range  of  4'II.  to  40%.  Note  that  the  Ivor 
site  is  sand  type  soil  somewhat  like  the  ChesterfieUl  site  where  data 
showed  a 20‘’/n  ratio  of  XTT  rod  resistance  tt>  CCS  rod  i-esistanc<‘.  From 
Table  5,  R[  is  398.  214  for  CCS  uround  rod.  For  the  XI  T rod,  we  will 
assume  that  Ry  jg  80  ohms.  We  will  consider  the  installation  of  IT  XI’T 
ground  rods  in  place  of  the  17  CCS  rods.  The  result  will  be  2.8  ohms. 

In  any  formula  for  the  determination  of  the  resistance  to  cartli,  there 
may  be  indeterminate  faitors  and  too  much  reliance  should  not  :u' 
plant'd  upon  the  calculated  re.sults.  T'or  instance,  conductors  are 
assumed  to  be  in  direct  contact  v/ith  the  earth;  howev'er,  measurements 
indicate  this  is  not  striitly  true.  Fven  after  grounds  have  betui  installed 
for  a long  time,  the  contact  resistance  at  the  surface  of  the  conductor 
may  result  in  a measured  resistance  value  greater  than  the  calculated 
value.  The  best  way  is  to  measure  the  grouruEng  resistance  configuration 
after  the  system  has  been  installed,  or  make  measu  renients  when  the 
grounding  system  is  being  installed. 

Taljle  5 shows  the  v£irious  resistance  calcvdations  for  some  of  the 
sites  tiieasured  to  date. 

Tabe  (>  lists  grounding  configuration  resistance  for  various  ground 
rod  lengths. 

CONCLUSIONS 


1. 


XI'T'  rods  provide  lower  resistance  grounds  than  do  copper  clad  steel 


rods  with  oc  without  salt  rin^s  and  tlu;  resislaticf  variability  versus 
time  is  less.  An  XI  I'  rod  with  additional  holes  drilled  alon^  its 
length  results  in  a lower  resislanee  'ground  and  the  resistance 
variability  versus  time  is  less  than  a standard  X M'  rod.  Measurement 
data  indicates  that  the  resistance  ot  a XIT  rod  may  be  from  4'r«  to 
50%  of  the  resistance  of  a copper  clad  steel  round  rod. 

2.  rhe  copper  clad  steel  rod,  salt  rinu  added,  provides  lower 
resistance  and  the  resistance  v'ariability  versus  time  is  less  than 
the  copper  clad  rod. 

3.  Where  earth  resistivity  exceeds  1000  meter  ohms  alternative 
urounding  configurations  will  have  to  be  considered  in  order  It)  meet 
a five  ohm  earth  resistance  goal  for  the  FAA  radar  sites.  Sites  7, 

11,  and  9 of  Table  5 have  such  high  calculated  resistance  values  that 
it  may  be  economically  infeasible  to  t>blain  the  resistance  goal  of  five 
ohms.  For  these  sites,  the  use  of  XIT  rods  should  be  seriously 
considered. 


TABLE  4 - CONSTANTS  FOR  GROUND  ROD  LENGTHS  IN 
FAA  ARSR-3  GROUND  CONFIGURAT ION 
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TABLE  6 - GROUNDING  CONFIGURATION  RESITANCE  FOR  VARIOUS 
GROUND  ROD  LENGTHS 


FLORIDA  16326.0  185.47  165.95  1 50.73 
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ABSTRACT 


Three  FAA  document?  presenting  the  requirements,  practices,  and  survey 
procedures  for  grounding,  bonding,  shielding,  and  lightning  protection  at  FAA 
facilities  have  been  develojx?d.  SLx  FAA  facilities  were  surveyed  using  the  criteria 
and  procedures  given  in  these  documents.  The  results  of  these  surveys  indicate 
that  with  a few  important  exceptions  the  grounding,  bonding,  shielding,  and  lightning 
protection  systems  at  these  FAA  facilities  are  in  good  condition  and  that,  for  the 
most  part,  the  sui'vey  procedui'es  arc  adequate.  Some  of  the  major  deficiencies 
which  need  correcting  are  reviewed  in  this  paper.  A few  recommendations  for 
corrective  actions  and  the  major  preliminary  conclusions  arc  presented.  Also, 
the  areas  where  the  survey  procedures  need  revising  and/or  expanding  are  identified. 
All  of  the  detailed  analysis  of  the  survey  results  are  being  presented  to  the  FAA  in 
survey  reports  for  these  facilities. 
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SURVKY 


OF 

GROUNDING  PRACTICES  AT  MAJOR  FAA  FACILITIES 


Jiirany  A.  Woody 

Engineering  Experiment  Station 
Georgia  Institute  of  Technology 
Atlanta,  Georgia 


1.  INTRODUCTION 

During  the  three  year  period  from  1972  to  1975,  the  Engineering 
Experiment  Station  at  the  Georgia  Institute  of  Technology  prepared  a 
facility  standard  [1|,  an  equipment  engineering  requirement  [2],  and 
a three-volume  report  (handhook)  [3]  for  FAA.  These  documents  detail 
the  basic  theory,  principles,  practices,  and  requirements  for  grounding, 
bonding,  shielding,  and  lightning  protection  of  new  FAA  facilities  and 
equipments.  The  intent  of  these  documents  is  to  permit  FAA  to  improve 
the  grounding,  bonding,  shielding,  and  lightning  protection  of  its 
facilities  and  equipment.  This  improvement  is  sought  by  establishing 
a uniform  philosophy  for  new  facilities  and  equipment  and  by  providing 
some  guidance  in  the  upgrading  of  e.xistlng  facilities. 

After  these  documents  had  been  prepared,  F.\A  decided  to  ev.iliiate 
the  procedures  in  the  documents  hy  using  them  to  survey  existing  FAA 
facilities.  Thus,  over  the  past  several  months,  the  Engineering  Exper- 
iment Station  and  Kentron-Hawaii,  i.td.  of  Dallas,  Texas,  in  a joint 
effort  have  surveyed  several  F/\A  installations  and  f.icilit  ies  for  con- 
formance to  the  criteria  contained  in  the  above  documents  .md  for  con- 
formance to  the  National  Electrical  Gode  [A], 

2.  FACILm  UICATIONS  AND  TYPllS  _0F  TESTS 

The  survey.s  were  conducted  at  each  of  the  following  systems  or 
f ac  i 1 i t ies : 
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(a)  RCAG  in  Austell,  CA, 

(b)  AKSR-1  in  Smyrna,  GA, 

(c)  Atlanta  ARTCC  in  Hampton,  GA, 

(d)  Jacksonville  ARTCC  in  Hilliard,  FL, 

(e)  ARTS  HI  at  the  Miami,  FL  airport,  and 

(f)  ARTS  ill  at  the  Cincinnati,  OH  airport. 

Based  on  the  inspection  and  test  procedures  given  in  Reference  3, 
survey  procedures  for  each  of  the  above  systems  or  facilities  were  de- 
veloped. For  each  system  or  facility,  the  surveys  consisted  generally 
of  the  following  evaluations  and/or  tests: 

(1)  Earth  electrode  system  inspection  and  resistance  measurements,  | 

(2)  Facility  and  equipment  bond  inspections  and  resistance  measure- 
men  t -s , 

(3)  Facility  and  equipment  shield  inspections, 

(4)  Lightning  protection  system  inspections, 

(5)  Ground  network  inspections, 

1 

(6)  Sixty  hertz  conducted  current  measurements,  i 

(7)  Noise  voltage  measurements,  and 

(8)  NEC  compliance  inspections. 

h,  S;URVEY  RESULTS 

The  data  obtained  from  the  visual  inspections  and  measurements  not 
only  allowed  an  evaluation  of  the  previously  prepared  F/\A  documents  but 
also  permitted  an  examination  of  the  existing  conditions  .and  practices 
in  operating  systems  and  facilities.  Summaries  of  the  findings  for  tlie 
various  inspections  and  measurements,  with  the  exception  of  tlie  lightning 
protection  system  inspections,  are  given  in  the  following  paragraphs. 

The  results  of  the  lightning  protection  system  surveys  are  siimm.arized, 
with  emph.asis  on  the  ARTCC's,  in  ;i  p.aper  by  Mr.  R.  S.  Smith  also  published 

in  these  proceedings  [5].  i 
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3 . 1 Ea^r t Electrode  System  Surveys 

The  survey  of  the  earth  electrode  systems  at  the  RCAG,  ARSR-1, 
and  both  ARTCC ' s consisted  of  a determination  of  the  configuration  of  the 
electrode  system  and  several  measurements  of  the  resistance  to  earth. 

Iba  configurations  of  the  electrode  systems  were  determined  from  facility 
drawings  and  from  discussions  with  site  personnel.  At  each  facility,  the 
earth  electrode  system  consists  of  several  separate  electrodes  that  are 
typically  only  interconnected  by  indirect  means.  For  example,  at  the 
RCAG  one  ground  rod  exists  at  each  of  four  antenna  towers  and  one  ground 
rod  is  installed  at  the  equipment  building.  The  only  interconnections 
provided  between  these  five  ground  rods  are  by  the  cable  shields  from 
ttie  building  to  the  towers.  At  the  ARTCC' s,  the  earth  electrode  system 
consists  of  water  pipes,  the  power  substation  ground  rods,  and  a single 
ground  rod  at  each  lightning  down  conductor  on  two  buildings:  the  main 

ARTCC  building  and  tlie  Power  Conditioning  System  (PCS)  building.  At 
each  building,  the  individual  ground  rods  and  the  water  pipes  are  inter- 
connected only  through  the  lightning  protection  network  and  incidental 
contacts  with  the  building's  structural  steel.  Similarly,  the  only  con- 
nections between  the  two  buildings  are  via  ac  power  neutrals  and  any 

control/signal  cable  shields  that  may  exist.  ' 

» ‘ 

The  only  exception  to  these  findings  of  no  direct  interconnection 
between  the  separate  earth  electrodes  was  at  the  ARSR-1.  At  this  facility, 
one  ground  rod  is  installed  at  each  of  four  corners  of  the  antenna  tower, 
and  one  ground  rod  is  installed  at  the  equipment  building.  These  ground 
rods  are  interconnected  wltli  buried  conductors  routed  around  the  base  of 
the  tower  and  between  the  building  and  the  tower. 

At  facilities  where  direct  connections  do  not  exist  between  the 
earth  electrodes  at  variovis  facility  structures  (e.g.,  antenna  towers, 
etiuipment  buildings,  etc.),  a lightning  strike  to  one  part  of  the  facility 
could  produce  large  voltage  differentials  on  interconnecting  power,  signal, 
and  control  cables.  Sucli  voltage  differentials  would  result  in  potentially 
dam.iging  current  surges  on  the  interconnecting  cal>les.  liiese  current 
s\irges  would  then  be  coupled  to  tlie  associated  equipments  at  the  end  ot 
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the  cables  to  produce  possible  equipment  malfunction  or  damage.  To  min- 
imize the  magnitude  of  sucli  voltage  differentials  and  the  associated  cur- 
rent surges  on  the  interfacing  cables,  separate  electrodes,  i.e.,  ground 
rods,  water  pipes,  etc.,  at  a facility  should  be  directly  interconnected 
with  each  otlier  by  dedicated  conductors. 

Tile  resistance  to  eartli  at  tlie  same  four  facilities  (RCAC,  ARSK-1, 
and  two  ARTCC's)  were  measured  at  several  locations  and  in  several  direc- 
tions. In  general,  the  measured  resistances  were  in  the  following  ranges: 

(1)  Austell  RCAC.  - 22  to  33  olims, 

(2)  Smyrna  ARSR-1  - 1 to  3 ohms, 

(3)  Atlanta  ARTCC  - < 0.5  ohms,  and 

(4)  Jacksonville  ARTCC  - < 0.5  ohms. 

Variations  in  the  value  of  the  earth  resistance  at  a facility  are  to  be 
expected  because  of  the  nonhomogeneity  of  the  soil  at  that  tacility. 
l.ightning  discliarge  and  fault  currents  will  follow  the  paths  of  lowest 
resistance  in  the  earth.  Hence,  signal  and  power  cables  buried  in  or 
parallel  to  such  low  resistance  paths  will  be  more  likely  to  have 
potentially  damaging  voltage  surges  induced  into  them.  This  is  one 
reason  why  the  soil  resistivity  should  be  mapped  on  site  before  a new 
electronic  facility  is  built.  Then,  underground  cables  can  be  routed 
in  a manner  which  will  minimize  possible  pickup  from  current  flow  in 
the  earth. 

Tlie  measured  resistances  to  earth  for  the  larger  ARTCC  facilities 
were  less  tlian  the  measured  values  for  the  smaller  RCAC  and  ARSR-1 
facilities,  which  is  understandable  in  view  of  the  more  extensive  earth 
electrode  systems  <it  the  larger  facilities.  Furthermore,  the  resistance 
to  earth  at  the  RCAC  was  much  liigher  tlian  .it  the  ARSR-1  even  tliough  these 
two  f.icilities  had  the  same  number  of  ground  rods.  The  higher  resist.ince 
to  earth  at  the  RCAC  is  likely  tlie  result  of  a high  soil  resistivity  ;it 
that  location. 
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3. 2 Bond  Survt^s 


The  bond  surveys  consisted  of  numerous  dc  resistance  measure- 
ments between  various  points  on  the  ground  networks  in  each  of  tlie  six 
facilities  along  witli  visual  inspections  of  a large  sample  of  the  various 
types  of  bonds  in  each  facility.  The  dc  resistance  measurements  revealed 
that  the  many  parallel  paths  provided  by  the  ground  conductors,  conduits, 
cable  travs,  etc.  in  each  facility  est.ablish  a very  low  resistance  path 
between  almost  any  two  points  on  the  ground  systems.  Tlie  majority  of  the 
bonds  visually  inspected  were  found  to  be  adequate  and  in  good  condition; 
however,  several  deficiencies  were  noted.  The  types  of  deficiencies  wliich 
were  found  during  tlie  survey  and  which  can  be  expected  to  exist  in  most 
any  electronic  facility  are  as  follows: 


(1)  Bonds  which  are  loose, 

(2)  Bonds  made  with  improperly  cleaned  faying  (mating)  surfaces, 

(3)  Soft  solder  bonds  located  in  probable  fault  current  paths,  and 

(4)  Bonds  made  between  incompatible  metals  and  not  sealed  against 
moisture . 


To  improve  the  overall  condition  of  the  bonds  within  a facility,  all  ot 
them  should  be  inspected  during  regularly  scheduled  maintenance  periods, 
and  the  deficiencies  that  are  found  should  be  corrected. 


3.3_  Shielding  Surveys 

Both  personnel  protection  and  electromagnetic  shields  associated 
with  each  major  system  in  the  six  facilities  were  visually  inspected.  In 
general,  personnel  protection  shields  are  correct  and  are  considered  ade- 
quate. However,  a uniform  philosophy  tor  the  use,  application,  or  instal- 
l.'ition  of  electromagnetic  shields  does  not  exist  even  within  single  systems 
in  a facility.  For  example,  some  signal  le.ids  are  shielded  while  other 
comparable  signal  leads  are  not  shielded.  01  the  signal  leads  which  are 
shielded,  some  of  the  shields  are  grounded  at  the  load;  other  shields  are 
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grounded  at  the  source;  other  shields  are  grounded  at  both  ends  (and  at 
intermediate  points);  and  still  other  shields  are  not  grounded  at  either 
end-  Also,  on  some  low  frequency  shielded  twisted  pairs,  tlie  shield  pig- 
tails were  excessively  (as  much  as  1 to  2 feet)  long.  Such  long  pig-tails 
can  be  expected  to  degrade  the  effectiveness  of  the  shields  considerably. 

A lack  of  a uniform  shield  grounding  philosophy  in  a facility  can 
lead  to  confusion  and  problems.  A mixed  method  of  shield  grounding  makes 
troubleshooting  of  a system  very  difficult  in  the  event  of  noise  problems. 
Consequently,  a standardized  •■•hield  grounding  philosophy  should  be  imple- 
mented in  every  system  within  any  particular  electronic  facility. 

3.4  C^^und  N^work  Surveys 

The  ground  network  evaluations  in  the  surveyed  facilities  con- 
sisted of  the  inspection  and  partial  mapping  of  the  conductor  networks; 

60  Hz  and  RF  conducted-current  measurements;  some  noise  voltage  measure- 
ments; and  inspections  for  compliance  with  the  NEC.  All  of  the  facilities 
had  equipment  ground  networks  in  addition  to  the  NEC  safety  grounding 
conductor  ("green  wire").  The  equipment  ground  networks  consist  of  both 
dedicated  conductors  and  the  incidental  conductors  provided  by  cable 
trays,  conduits,  etc. 

In  a few  systems,  e.g.,  the  automated  systems  in  the  ARTCC's,  the 
equipment  ground  network  is  supposed  to  be  a single  point  configuration 
and  is  intended  to  serve  as  the  signal  ground.  However,  signal  interfaces 
and,  at  one  ARTCC,  the  NEC  safety  grounding  conductors  compromise  the 
single-point  configuration.  This  finding  illustrates  the  difficulty 
associated  with  attempting  to  implement  and  maintain  a single-point 
ground  configuration  for  equipment  cabinets  and  racks.  llie  successful 
implementation  of  such  a configuration  requires  that  electrical  isolation 
be  maintained  between  the  equipment  housings  and  metal  elements  of  the 
facility  such  as  the  structural  steel,  conduits,  and  cable  trays.  Other 
experience  has  also  shown  that  such  isolation  is  indeed  difficult  to 
maintain  [6 1 , [ 7 ] . 
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In  many  of  the  facilities,  the  60  Hz  current  measurements  reveal 
several  amperes  of  current  flowing  in  the  ground  networks.  In  some 
instances  tliese  stray  60  Hz  currents  could  be  traced  to  NEC  violations 
such  as  a reversal  of  the  neutral  (identified)  conductor  and  the  safety 
(grounding)  conductor.  For  example,  at  the  Jacksonville  ARTCC,  0.4  amp 
of  60  Hz  current  was  measured  in  the  equipment  ground  conductor  to  one 
row  of  position  consoles  in  the  control  room.  The  source  of  this  current 
was  traced  to  the  common  logic  power  supply  by  measuring  the  current  un- 
balance (2.5  amps)  in  the  ac  power  cord  to  this  equipment.  lliis  power 
cord  contained  the  phase,  neutral,  and  safety  conductors  and,  hence,  the 
net  current  flow  measured  for  all  conductors  should  have  been  zero.  The 
site  personnel  inspected  this  equipment  and  found  that  its  neutral  and 
safety  wires  were  reversed.  The  deficiency  was  corrected,  and  further 
current  measurements  on  both  the  power  cord  and  the  console  ground  con- 
ductor revealed  zero  amperes. 

Similarly,  several  amperes  of  60  Hz  current  were  measured  on  various 
equipment  ground  conductors  at  the  Smyrna  ARSR-1.  Inspections  of  the  ac 
distribution  panels  showed  that  the  neutrals  were  grounded  in  several  of 
these  panels.  (All  of  the  distribution  panels  in  a facility  sliould  be 
inspected  to  insure  that  tlie  neutrals  are  not  inadvertently  grounded.) 
Further  investigations  and  review  of  equipment  manuals  at  this  facility 
revealed  that  the  ac  neutral  was  also  grounded  in  almost  all  the  equipments. 
This  equipment  has  been  designed  by  the  manufacturer  to  liave  the  ac  neutral 
grounded  internal  to  the  equipment;  therefore,  to  isolate  the  neutral  would 
require  major  rewiring  and  possibly  redesign  of  all  such  equipment  in  this 
facility.  In  this  facility  where  the  majority  of  the  equipments  are 
ilesigned  with  tlie  neutral  grounded,  it  is  not  considered  cost  effective 
to  reiiesign  or  rewire  the  equipment  as  long  as  noise  problems  are  not 
traceable  to  stray  60  Hz  ground  currents.  However,  should  noise  probU'ms 
arise  in  the  future,  grounded  neutrals  in  equipments  should  be  considered 
as  a possible  cause  of  such  problems. 


1 
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Kor  some  other  stray  60  Hz  currents  on  equipment  ground  networks, 
the  source  could  not  be  determined  during  tlie  surveys.  For  example, 
small  60  Hz  currents  (less  0.3  amps)  were  measured  on  the  ground  networks 
for  other  rows  of  position  consoles  in  the  control  room  at  the  .Jacksonville 
AKTCC; . Wlien  the  current  unbalance  was  measured  on  tlie  power  cords  to 
several  Flight  Strip  Printers  (FSP),  these  currents  were  found  to  be 
approximately  1 amp.  Also,  further  inspection  revealed  tliat  tiiese  cur- 
rent unbalances  increased  up  to  2.5  amps  when  tlie  case  of  tlie  FSP  (whicli 
is  norrmilly  insulated  by  a rubber  pad)  was  grounded  to  the  position 
console  frame.  However,  a wiring  deficiency  could  not  be  located  when 
one  of  the  FSP's  was  disassembled.  Tlie  reason  for  unbalanced  current  in 
the  power  cords  and,  hence,  the  stray  current  in  the  equipment  ground 
network  was  not  determined. 

During  tliese  surveys,  differential  voltage  and  conducted  RF  current 
measurements  were  performed  on  the  "signal  ground"  systems  at  some  ol  the 
facilities.  However,  several  measurement  problems  were  encountered. 

First,  a true  differential-input  oscilloscope  was  not  available.  llius , 
stray  pickup  on  the  long  test  leads  required  to  perform  measurements 
between  widely  separated  points  limited  the  ability  to  determine  tlie 
magnitude  of  the  actual  noise  being  measured.  Tlie  second  problem  was 
the  determination  of  the  measurement  points.  Lack  of  evidence  on  the 
existence  of  present  noise  problems  made  this  determination  ambiguous. 

The  final  problem  was  tlie  inability  to  shut  down  operation.il  equipment 
such  that  the  source  of  any  existing  noise  could  be  isolated.  'Hierelore, 
due  to  these  problems,  tlie  data  produced  bv  tlii‘se  measurements  is  incon- 
clus ive. 

The  remaining  parts  of  the  grounding  survev  .it  each  t.n  ililv  con- 
sisted of  a review  of  facility  (.irawings  iiid  a visuil  inspect  ion  to 
determine  rompli.ince  witli  the  requirements  ol  the  Ml  . lon.urriuit  with 
the  visual  in.spect  ions,  60  Hz  current  measufi’ment  s wore  nvidc  on  si-leeti’d 
phase,  neutral,  .ind  s.ifetv  itround  i tig,  eotidu.  t u-.  riu-se  i-ui  rent  tiHMsure- 
ments  were  made  in  addition  to  t Ih‘  current  n»  a „ t .h  s.  t iLed  in  tin 

above  par.igraph.  TIu'  ntijoritv  ot  the  Hi  ■.  i e m i.  l■•>u.t  wii.  0 the 
following  types: 
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(1)  Fault  current  patlis  (safety  grounding  conductors)  back  to  the 
power  panels,  switchgear,  transformers,  etc.  which  are  not 
routed  with  the  phase  and  neutral  conductors; 

(2)  Phase,  neutral,  and  safety  grounding  conductors  that  are  not 
properly  color  coded; 

(3)  Neutral  conductors  that  are  grounded  on  the  load  side  of  the 
main  disconnect  switch,  e.g.,  in  distribution  panels  or  in 
equipments;  and 

(4)  Neutral  and  safety  grounding  conductors  which  have  been 
reversed . 

These  types  of  deficiencies  are  common  in  electronic  facilities;  such 
deficiencies  can  introduce  60  Hz  noise  into  ground  networks  and  some  of 
ttiem  may  produce  possible  personnel  shock  Itazards.  For  these  reasons, 
compreiiensive  NEC  inspections  should  be  performed  in  all  facilities  and 
all  identified  deficiencies  should  be  corrected. 

4.  .conclusions 

The  following  conclusions  are  based  on  a detailed  analysis  of  the 
data  obtained  during  the  surveys  of  the  seven  FAA  facilities  and,  for 
the  most  part,  are  expected  to  apply  to  any  complex  electronic  facility: 

(1)  The  general  grounding,  bonding,  sliielding,  and  lightning 
protection  practices  employed  at  the  various  facilities 
surveyed  were  good.  In  most  respects,  these  practices  were 
found  to  be  in  accordance  with  the  criteria  and  recommendations 
set  forth  in  References  1,  2,  and  3. 

(2)  Tlie  resistance  to  earth  was  lowest  at  the  larger  facilities, 
i.e.,  the  ARTCC's,  because  of  the  more  extensive  earth  elec- 
trode systems  at  these  facilities.  However,  the  earth  elec- 
trode system  at  each  facility  needs  some  improvement  to  min- 
imize the  possibility  of  equipment/system  damage  resulting 
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from  lightning  strokes.  In  particular,  facilities  which  have 
a separate  ground  rod  at  eacli  down  conductor  should  have  a 
buried  counterpoise  around  tlie  facility.  iiiis  counterpoise 
should  interconnect  eacli  ground  rod  and  should,  also,  be 
connected  to  the  structural  steel  and  ground  networks  in 
the  facility. 

(3)  In  general,  the  bonds  at  each  facility  were  in  good  condition 
and  considered  adequate  to  serve  their  intended  functions. 
However,  a few  discrepancies/deficiencies  were  found  such  as 
bonds  that  were  loose,  bonds  which  had  been  made  between 
improperly  cleaned  surfaces,  and  bonds  that  had  been  niiide 
with  soft  solder  located  in  likely  lault  current  paths. 

During  routine  maintenance  at  all  facilities,  bonds  should 

be  inspected  and  any  deficiencies  which  are  found  should  be 
corrected. 

(4)  The  fac i 1 ity/equipment  ground  networks  within  the  surveyed 
facilities  are  generally  consitiered  adequate;  however,  in 
most  locations  independent  signal  ground  systems  were  not 
found . 

(5)  Tlie  shielding  practices,  especially  shield  terminations, 
in  the  six  facilities  which  were  surveyed  were  not  uniform 
even  within  single  systems.  Some  low  frequency  calile  shields 
were  terminated  at  tlie  sources;  some  sliields  were  terminated 
at  the  loads;  other  sliields  were  not  terminated;  and  still 
other  low  frequency  cables  were  unshieliled.  A standardized 
philosophy  of  cable  shield  terminations  in  V,\A  systems  should 
be  implemented. 

(b)  More  survey  work  should  be  pertormeil  in  the  area  ot  inter- 
ference problems  and  their  rel  itionship  to  signal  grouiuling 
and  shield  terminations.  Also  interference  measurement 
techniques  such  as  the  differential  noise  me.isurenient  s 
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points  and  for  interpreting  the  measured  results  should  be 


developed. 

(7)  'In  general,  the  inspection  procedures  contained  in  Reference  3 
(the  Handbook)  were  found  to  be  adequate.  A f ew  deficiencies 
in  the  procedures  were  found,  and  appropriate  changes  are  now 
being  formulated. 
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ABSTRACT 


The  technology  involved  in  the  design  and  development  of  complex  CGI  pilot 
;ind  radar  operator  training  devices  involves  very  sensitive  electronic  subsystems, 
modules  ;ind  circuits.  The  erki-item  compatibility  of  the  com.plcx  trainer  requires 
grounding  design  techniques  and  precautions  from  sitc/facility  grounding  down 
through  circuit  board  grounding  detail.  This  paper  describes  the  grounding  design- 
in  of  a t\q)ical  CGI  simulator/trainer  involving  electrical  power,  s;rfety,  computer 
floor,  caljinets  and  racks,  signal  grounding,  logic  backplanes,  interface  circuits, 
;md  circuit  bo;u'd  grounding  rules. 
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IN  riionrc  i ioN 


riu‘  technology  invohcd  in  the  design  and  development  ol  a complex  Computer 
(ieiU'iali'tl  Image  (CCdi  pih^l  and  ratlar  operator  training  di-viee  involves  ver\ 
sensitive  electronic  subsystems,  modules,  and  circuits.  The  t\ |)ical  CGI  s\siem 
consists  of  an  Image  Generator  suppor'ed  by  comnuTcial  data  processing  I'quipment 
such  as  discs,  tapes,  transports,  controlh  rs,  and  line  printers  performing  as  a 
s\  stem  to  feed  video  signal  to  optical  displays  such  as  light  \al\t‘s  or  cathode  ray 
tubes . 

The  Ct;i  system's  Image  Generatoi',  often  called  a spi-cial  purpose  computer,  pro- 
diti'es  the  video  images  which  are  then  processed  onto  the  video  displat  devices,  such 
as  the  CH  I s.  Image  Generator  logic  rtites  typicallv  are  as  high  as  10  megahertz  with 
switching  thresholds  of  approximately  oih‘  volt.  The  Image  Generator  must  interlace 
with  the  commercial  electrical  power  and  display  equipment  to  present  \ isuals  to 
students.  The  result  is  a physically  hirge  system  that  is  potentially  susceptible’  to 
grouiul  noise  and  circulating  self  generated  and  facilit\  produced  groumi  loops, 
figure  1 illustrates  the  Device  2H-;55  layout  now  in  operation  at  Chase  field  in 
llecville,  Texas,  figure  2 illustrates  the  de\ice  ll)-2.'l  in  operation  at  I’ensacola. 
florida.  Interfering  sources  which  could  propagate  through  the  sensiti\e  electronic 
equipment  range  from  lightning,  power  company  and  facility  electrical  transients,  .ind 
nearby  Kf  equipment  as  well  ;is  self  generated  swec[)  circuit,  card  reader  activation 
or  power  supply  switching  currents.  The  overall  trainer  ground  philosoph\-  must  mix 
a single  point  grounding  approach  to  eliminate  ground  loops  with  a multipoint  grounding 
approach  to  provide  Oie  Hf  characteristics  required  for  these  low  le\el  high  hand- 
width  logic  rates.  This  paper  discusses  how  these  grounding  problems  ha\e  been 
solved  on  several  General  flectric  training  devices. 

f LfGTKlGAL  GROUNDING 

The  GGI  trainer  is  usually  suppluvl  120/20S  • 10  . 00  llz  • a . ;j  (ihase.  1 wire  'i 
power  from  a customer  provided  power  delta  to  wye  step  down  transfonner.  The 
power  quality  as  defined  does  not  usuallv  include  transients  and  spikes  produceil  bv 
power  grid  switching,  lightning,  or  other  industrial  users.  Our  experience  and  measure- 
ments by  other  researchers  have  indicated  that  power  line  transients  and  spikes  otten 
exci’ed  1000  volts,  especially  during  nearby  thunderstonn  activity.  The  approach  that 
has  been  taken  on  recent  trainers  is  to  dedicate  a transtormer  solelv  to  the  trainer 
electronics  with  the  transfonner  providing  an  electrostatic  shield  between  wi’ulings. 
This  approach  offers; 

a.  I he  separate  transfonner  reduces  facility  site  harmonic  distortion  and  noise. 

1).  Provides  a separate  power  neutral,  thus  a si'p.arate  single  ground  point  for 
the  trainer  while  still  complying  with  facility  safety  requirements. 
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c.  Slut I'p  spiki's  on  iIr'  prininiT  liur  (o  li^lun-inj;  of  othof  jioiifcos  aro  reduced 
I runt  over  1000  volts  to  loss  than  100  volts,  i’lu'  shiold  adds  approxiinaud\ 

10  to  the  cost  ol  the  t ninslornu' r and  is  available  from  eommereial  suppliers. 

I 

1 K.ANSf  OHM  I K tiUOl'NIMNCi 

The  facility  A to^■  power  transformer  is  nsuall\  eruunded  as  tcdlows; 

a.  rhe  eenti'f  tap  |A)  ot  the  ;i  phase-  delta  is  relereneed  to  earth  building  ifou-id  at 
a iu-ar-b\  eoint-nient  but  solid  earth  ground  location.  Ihis  mav  Ik  a buried 
cable  or  "'rid  s\  stem  which,  is  u.sed  to  tie  building  steel  and  eolutnns  to  earth 

or  a gfiuind  wi-ll  is  sometimes  usi-d  for  this  pur))osi-.  I he  ground  riser 
ttranstonner  to  grid  et'iuuel  inn}  conductor  is  si/i  d to  handle  laid'  currents, 
usualh  an  .\\\Ci  *2  0. 

b.  'flu-  {'lectrostatic  shii-ld  terminal  is  connected  to  the  neutrtil  stud  tap,  this 
decouples  spikes  and  noise  directly  to  earth  ground. 

c.  Tlu'  metal  case  of  the  transformer  is  groundi-d  to  the  neutral  tap  of  the 
sei-ondtiry  for  safetv  purposes.  The  transfomii-r  three  phase  output  power 
is  always  accompanied  by  the  neutrtil  twhite)  tind  a safely  ground  londui-tor 
(green).  Conduit  nuiv  in-  aluminum  or  steel  ;uid  is  secured  to  the  translormi-r 
case  and  iIh-  safety  swiu  h. 

1 -Ac/i.i  rv  .s,\Fi  ) V .--tw)  J't  n 

A facility  pro\  ided  power  sale  ty  switi-h  usually  follows  the  I ransfonne r.  This  box 
.illows  comph-te  fiisconneetion  of  the  trtiiner.  I he  neutral  line  is  carrieil  through 
this  box  floating.  The  box  is  grounded  to  tlu-  grei  n wire  of  the  feed  c-able.  The  ininil 
and  output  conduit  should  be  continuous  and  secured  to  the  salety  sw  itch  box  and 
follow-on  traini'i-  power  panel  board. 

rKAIM:U  POWI  K 1>ANK1.  ItOAKD 

(dforNDINC. 

rhe  [ranel  board  (chassis)  is  grounded  to  tin-  green  win-  salety  ground  eoming  Irom 
the  salety  switch.  Neutral  is  not  tied  to  tiie  board  at  this  location.  I tn-  leed-in  con- 
duit is  secured  to  the  panel  board.  (>ut)iut  distribution  conduits  are  insulated  Irom  tlu- 
panel  board  via  |)olyvinyl  chloridi-  (I’VCi  littings  to  preieiit  power  ground  eurrenis  Iron 
flowing  through  the  conduit  path,  l lu-se  uut|  * conduits  end  up  lieiiig  groundi-d  to  the 
signal  ground  system,  usually  an  eh-\ated  c(  niputer  lloor.  as  discusst-d  further  herein. 
The  green  win-  distribution  .system  continues  on  with  the  ;i  ptia.se  feeder  lines  .is  dis- 
c-ussed  below. 

ARC  ' rHAN.SIFN'l'  .Sl'PI’RKSSK  >N 

rransi(-nls  c.'iused  by  d(-:n-ti\ating  individual  loads  at  tin-  t-ircuit  breaker  c-ould  re- 
fl(-ct  largi-  spikes  onto  .sensdiie  lo.-ids  on  (hi-  same  (ihase.  These  Iransii-nts  are 
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siippresstnl  at  tlu'  paiu'l  hoard  with  til'  Power  Metal  (>xide  Varistors  (MiiVSi  from 
eaeli  phase  to  neuti-al  (see  l'i;aui-e  li).  I'he  \ 15(H>A20  powei’  Mi)\S  c lip  the  voltaj^e 
above  250  \olts  peak.  The  \ 15()l'A2(l  is  I'ated  at  20  joules.  2o  joules  is  equivalent 
to  20  watt  X seeoiuls  or  20  mepiwatt  .\  mieroseeonds.  The  20  joule  suppressor  will 
survive  a 2000  amp  ti-ansient  for -10  mieroseeonds. 

1 i.KC  I RICAI.  l.(  »AI)S 

Hleelrieal  loads  sueh  as  the  Imaj^e  lletierator  enelosures  use  12ti  2lts  \ olts,  .!  phase 
(lower.  Otlu’r  loads  use  siii(;le  (ihase,  either  120  \olts  or  20'-  wilts  liiu-  to  line.  1. oaths 
are  alloealeti  sueh.  that  ('liases  art'  halaneed.  Conduits  U'eiiin.t;'  tliese  loaiis  are  isolated 
at  the  [laiud  hoard  and  routed  to  tlie  load's  outlet  ho\  direetlx  . Where  tliese  eoni.luits 
must  eome  in  eontaet  with  huildini;  eolunins,  (ilumhinp  or  any  other  metal  work  whieh 
eouUl  introduee  eireulatint’  eur rents,  the  eoniiuit  must  lie  insulated  hy  tajiing  or  other 
means.  Load  outlet  boxes,  usually  lying  beneath  llie  enelosure  under  the  eon  (inter 
floor  ai'e  lunqier-eonneeied  to  the  <.om(iuter  lloor  with  an  .WVtl  =>  ■-  or  10  eonduetor  to 
a nearby  eonqiuter  floor  su()(iort  (leiiestal.  The  green  wire  salety  ground  sxstem  whieh 
originateii  at  the  souree  transformer  is  eonneeted  to  the  reee(ilaele  outlet  saL*t\  ;.;round 
terminal  or  lug.  I'he  salety  ground  is  thus  eontinuous  and  is  eonqilituu  with  th.e  Nat- 
ional Lleetrieal  Coile  witliout  uitrodueing  ground  !oo(is. 

NO  1 1-: 

W here  either  the  ftudlily  safety  switeh  oi-  tin-  uanel  board 
must  he  bolted  to  a steel  eolumn  or  other  mettillie  mi'inber 
whieh  is  refei'enei'd  to  other  thtin  tlu'  transfomier  neutral 
reference  ground  system,  the  trainer's  grei-n  wire 
gnuind  should  be  isohited  in  these  boxi's.  ,-\  second  or  third 
gri'cn  wire  ground  is  used  in  the  feeder  eable  to  eonnect 
these  boxi's  ciirectly  back  to  the  transformer  in  sueh  in- 
stances. .Vnotlier  (irecttution  that  htis  been  satisLictonlv 
used  is  to  mount  the  (laiud  board  and  safety  switc'h  on 
insulating  material  such  as  (ilxwdod  to  ensure  isolation 
from  undesirable  ground  (lotmitials. 

KNCl.OSf  KK  SAFITI'V  tdfol  Nl) 

The  (lower  [ligtail  or  cord  |iro\  ides  the  enelosures  with  the  neei'ssary  satety  ground, 
riie  green  wire  system  is  eontinuous  on  U[i  into  the-  enelosure  (lower  ilistribution  (lanel 
and  is  ticii  to  the  main  ehassis  as  widl  as  any  riunovable  or  drawer  mounti'd  assembl les . 

POWLK  Sl'PI’LV  CRorNniNt; 

(ieneral  Kk-ctrie  t raining  dex  iei  s use  both  d (ihase  and  single  (ihase  (lower  sujgilies.  .All  (lower 
su()()lies  in  usi-  have  bi-en  ((uabfied  for  noisi’  rejeetion  eharaeterist  ies  (ler  MIL-.'^  l H- 
Kii  C.S-()()  and  CS-01.  <>ther  self  inqiosed  tests  are  (lerformed  to  ensure  that  the 
power  su(i()ly  will  isolate  trainer  (irodueed  rip(de,  sueh  as  eaused  by  tlu-  Image  Cene- 
rator's  SCK  switehing  regulator  su(i(ilu's.  flu'  d phase  SCK  (lower  su(i(ilies,  although 
notoriously  noisy,  have  been  siu'cessful  1 v integrated  into  the  most  recent  Image 
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(.leiiorator  dosi^iis.  A single  f)  voll  DC  nOO  amp  SCH  supply  per  enclosure  replaces  a 
switclung  regulator  supplies  aiul  a power  control  ])anel  previously  used.  The  single 
supply  concept  oilers  considerable  advantages  in  the  reliability,  electrical  design, 
and  cost  art>as,  ho\ve\er,  certain  power  and  grounding  design  precautions  are  required 
to  minimi/.e  sell-generated  noise  problems  tiue  to  the  sup[)lies.  These  are; 

a.  Kach  enclosure  is  on  a separate  leeiler  circuit  routed  directly  back  to  the 
panel  board  circuit  breaker. 

b.  The  3 phase  feeder  is  not  useci  foi-  otlu'r  single  phase  equipment  or  blowers 
within  the  enclosure;  tlu'se  use  a separate  single  pliase  leeder  lin 

e.  The  power  supplies  5.0  \olt  DC  output  return  wliieh  Ijeeomes  tlte  1C  signal 
ground,  is  bussed  up  into  the  logic  liaekplanes,  tiotli  top  :ind  liottom  ground 
liusses,  to  minimi/.e  Hi  drop  due  to  tlie  100  amps  typii-al  logic  loiui. 


SICN'AI.  CROI  NDI.XC 


signal  grounding  concept  has  been  utilized  in  reeeiit  trainers  which  allows  all  en- 
closures within  the  device  to  be  essentially  single  point  groundeil.  This  iirewnts  noise 
currents  trom  flowing  througli  the  low  level  signal  paths  and  tints  etiusing 
The  signal  point  relerenee  for  tliese  enclosures  is  the  eomputi'i'  lloor's  metallic  struc- 
ture on  which  the  trainer  system  is  mounted.  rtiliztUion  ol  the  computer  floor  (tlie 
raised  metal  floor  eonsistitig  of  risers,  stringers,  and  removaltle  panels)  \tas  orig- 
inated at  the  Naval  Device  'Traitiing  Cetiter  (ND'TC)  iti  Orlantlo  and  has  \t'r\-  specific 
advantages  over  an  ordinary  etible  grid  ground  system.  These  are: 

a.  Single  I’oint  Crotittding.  'I'he  floor  is  installed  in  the  faeilit\'  siteh  tiiat  it 
is  isolated  from  all  otlu'r  <deetrieal  eciuipment  or  bttilding  grotitids.  Special 
precautions  such  as  installing  vin\  l floor  lile,  tape,  or  other  insulating 
material  where  the  mettil  work  may  touch  other  building  grounds  are  used 
during  instal hit  ion . .\  test  i s iierformed  to  t'nsure  that  the  floor  is  isolated 

prior  to  installation  of  tlie  trainer  equipment.  This  installation  and  test 
procedure  ensitres  us  that  the  floor  s\ill  be  a dedicated  trainer  single  point 
ground  when  complete.  'The  isolateii  floor  lu'comes  single  point  groumied 
diri’ctly  back  to  the  transformer  neutral  \ia  tin  insulated  .AWC  2 0. 

I).  Multii)oint  C rounding.  The  floor  also  oilers  us  tlu-  ;id\ant;iges  ol  multipoint 
grounding.  Thi'  Hour's  risers,  stringers,  tind  paiuds  are  speeilied  lo  be 
eithc'f  tiluminum  or  gaUttnizi-d  sU'id.  Assembly  Itarilvvtire  and  proecduri's 
are  closely  specified  to  cuisure  Uttil  inti’ rlticing  raelttls  are  eomptitibk'  tuid 
will  provide  long  ti’rm  low  contact  im|K‘d;mcc.  figure  1 represents  the  re- 
(luirements  of  this  hardwtire.  Thus,  when  the  floor  members  bi’come  tisscm- 
blcd  llu'  Hour  looks  like  a continuous  ground  pltine  lor  signal  cabling  and  e\en 
to  outside  noisi'  sourci-s. 


p 


(As  an  examplo,  ono  of  the  CH-  trainers  was  to  be 
located  across  tlu'  stri'ct  from  a weather  radar  at 
Ib'nsacola,  Florida.  I'he  radar  beam  has  a sideiobe 
that  illuminates  the  end  of  the  buildinp;  in  which  the 
trainer  is  located.  I-  ield  streiifjth  measurements 
were  Uiken  at  the  proposed  site  of  the  trainer  and 
compnred  with  the  radiated  susceptibility  threshold 
of  our  most  sensitive  circuits.  The  tniiner  intercom 
used  wide  bandwidth  operational  amplifiers  which 
detected  the  pulse  rt'petition  rate  of  a modulated  Kl 
field  and  caused  undesirable  interference'  when 
testi'd  in  the  laboratory.  I'he  intereom  circuit  was 
packaged  in  a shielded  conepartment  and  filteri'd 
heavily  with  considerable  improvement.  Howeve-r,  the 
intercablin^  which  was  to  lie  beneath  the  floor  of  thi' 
trainer  at  I’ensacola  was  still  of  concern.  A decision 
was  made  to  install  the  trainer  since  we  i-xceeded  the 
RF  radiated  susceptibility  requi renu'nt  and  a fix-if- 
necessary  solution  to  shield  the  buildintj's  walls  hail 
been  arninged  with  the  customer.  The  tr.iiner  has 
been  installed  for  several  years  now  without  that 
problem  ever  arising.  The  onl\-  diffei-ence  between 
our  lab  test  setup  and  the  installation  site  is  that  the 
cabling'  lies  lu'iieath  the  metallic  lloor.  I'he  floor  which 
was  intended  to  provide  for  low  freqtsency  sroundinp;, 

(iO  11/  to  .oO  me^ahert/,  also  seems  to  provide  a quiet 
U 1 ■'  cavity  between  the  Ooor  and  the  i-arth  at  frequc'ncies 
14)  into  the  ”i};ahcrl/  ranp,c.  ) 

Figure  a is  a photof^raph  of  a com()uti'r  floor  durinf;  insUillation  at  Fensacola.  P\(' 

bushings  are  seen  as  the  conduit  inti-rhices  the  paiu'l  board. 

FNCl.USFUF  I'U  COMlH'  l'FK  Fl.OUR 


Individutil  enclosures  and  units  become  |•etcrcnced  to  the  computer  floor's  gah  ani/.i'd  or 
aluminum  stringers  vi;i  a jumper  cabb'  from  the  power  suppl\ , low  sidi'  directl\  to 
stringer.  .AWC.  '•  ti  or  H is  usually  used.  I'he  hardware  si-U'eted  to  tenninate  the 
cable  is  specified  to  be  compatible,  usually  stainless  or  cadmium  plated  steel. 

KNC'l.OSFRK  ItsOFA  TUtN  FROM  O TllFR  OROl  .NDS 


It  is  important  that  f'(d  and  other  coniponents  of  the  trainer  system  be  grounded  onl\ 
through  the  intended  path.  If  ;ui  enclosure  must  come  in  contact  with  a water  i>i|X‘, 
building  column,  or  other  structure  member  it  must  be  insulated  from  that  nu-mber. 
This  is  most  common  in  visual  display  equipment  where  a motion  (datform  structure 
must  support  ( R I'  display  units.  An  tilternative  isolation  tei'hniqiu'  that  has  been 
used  in  these  t\pes  of  interfaces  is  to  refert'nce  the  ( RT  dis()lay  to  the  remoti'  ground 
directlv  and  isolate  the  signtil  ground  return  path  with  either  a differential  line 


refeiwr  or  (jomimni  nio«li“  choke  (halun).  Both  techniqiu's  offer  sati.sfaclor>-  t^round 
noisi'  isolation.  I'he  tliffiTcntial  line  receiver  operates  usin^t;  a virtual  i^round, 
usually  lying-  between  + 15  volts  DC'  aixi  -15  volts  DC.  I he  device  is  thus  limited  in 
noise  ri'ieotion  to  alxnit  15  volts. 

The  halun  is  ;i  device  which  has  been  used  many  times  by  the  author  to  solve  ground 
noise  problems.  I'he  bttlun  consists  ol  two  wires  or  a piece  of  coax  wound  on  a 
ferrite  toroidal  core.  The  hot  and  return  tire  wound  together,  bifihir,  such  thtit 
signal  currents  flowing  cancel  each  other's  flux,  thus  zero  net  inducttince  is  observed 
to  intcntiontil  signals,  (iround  return  noist>  currents  are  unbalanced,  ground  wire 
current  exceeds  the  signal  hot  currinit,  thus  a net  flux  exists  in  the  core  and  series 
iniluctance  attenuates  the  noise  current.  Another  way  to  look  at  the  balun  is  as  a 
transfoniu'r  where  noise-  in  the  ground  line  is  transformer  coupled  to  the  signal  line 
thus  producing  the  same  voltage  as  tlu-  ground  system  such  tlutt  the  differential 
voltage  is  minimized.  I'ignre  (i  illustr;iti“s  several  applications  of  baluns  and  tludr 
effectiveness  in  reduc-ing  ground  noise. 

l.OCilC  SIGNAL  BAC’KPl.A.NKS 

Logic  boards  containing  tij)  to  U)  microcircuits  each  plug  into  logic  card  assembly 
units.  Figure  7 illustrates  a logic  card  assembly.  Logic  blocks  arc  arriuiged  in  the 
logic  design  such  that  chip  and  card  locations  utilize  common  ground  phincs  to  mini- 
mize coupling  and  to  establish  an  RF  transmission  path  for  these  10  megahertz  logic 
rates.  I'he  logic  assembly  backplane  plays  an  important  role. in  minimizing  this  jirob- 
1cm.  The  backplane  design  provides  a continuous  ground  plane  from  card  location  to 
any  other  eard  location  within  the  logic  enclosure. 

Signals  thus  may  be  translerred  trom  tlu-  top  ot  the  logic  assembly  to  a bottom  location 
without  a direct  return  wire  path.  The  signal  is  alwa,\s  propagated  on  a wire  le\el  iust 
over  tlu'  ground  plane  such  that  an  KF  striiiline  effeet  oceurs.  The  llux  linkage  be- 
tween signal  and  ground  lies  in  that  eontrolled  ;iir  g;ip  path  between  the  wire  and  the 
ground  plane.  t)ther  ruk'S  are  sometimes  added  to  I’omplex  logic  assembly  backphines 
rht'se  may  be: 

a.  Fse  twisted  pair  tor  clock  distribution  lines  o er  1-'  inches  in  leiiglh. 

b.  Install  long  runs  first,  usi>  the  '/  wire  wrap  level  ni-arest  tlu  backplane 
lor  lengths  of  IS  inches  or  gre.ater. 

Nt)  ri; 

/.  levels  are  terms  used  in  wire  w rap  technology  to  define 
the  iiosition  of  tlu-  w ire-  wrapped  on  the  pin.  '/ ] is  nearest 
the  backplane  with  and  /.{  larther  froei  the  baekplane  in 
desi-cnding  ordi-r.  I'he  '/  k-vel  tilso  idi-ntitii  s the  ordc-r  in 
wliiih  the  wire  terminations  are  mtide. 
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Add  a wirowrap  ground  grid  aijove  the  Zj  level  to  isolate  Z.j  from  Z-2  and 
Z;j  levels.  The  elevated  wire  grid  acts  as  an  electrostatic  shield  and  as  an 
overhead  level  ground  return  system,  thus  canceling  inductive  coupling 
effects,  figure  s illustrates  a photograph  of  a typical  logic  wirewrai-  l)ack- 
phuu'  design  used  in  an  Image  Cieneratf)r. 

fXCUiSUKK  TO  KNC1.USIIU-;  ( B.ACKfLANfTO  HACKP1..ANK) 


Numerous  signals  flow  between  !)ackplanes  of  a typical  Image  tienerator.  Signal 
grounds  arc  always  carrieil  frt)m  backplane  to  backplane  \ ia  tdther  a twisted  pair  or 
coax  transmission  line  paths.  .Most  recent  trainer  systems  have  depcmled  heavily  on 
"shielded  wire"  for  these  longer  transfer  paths.  The  term  "shielded  wire"  actuallv 
refers  to  miniature  coax  such  as  K(:-174  f,  with  the  exceiHion  that  coa.xial  coiuiectors 
are  not  used.  The  termination  of  the  KCl-17  1 U at  connections  is  handled  as  with 
shicldeil  wire.  The  few  inches  ot  coa.xial  discontinuin'  through  the  comiection  lioes  not 
appreciably  dcgravle  signal  waveforms  or  produce  coupling.  Ihe  ailvantagcs  arc; 

a.  KFl  levels  are  grcatlv  reduced,  cnax  cancels  field  radiati<m. 

b.  Waveforms  ai'c  im[)rovcd,  the  controlled  capacitance  allows  transitions 
thi'ough  the  critical  one  volt  threshold  region  of  logic  cii'cuits  without  back 
porch  waveform  distortion. 

c.  WavaT'onns  and  coupling  are  independent  of  harnessing  in  the  bundle. 

d.  H(j  171/f  actually  costs  only  75' of  twisted  pair  and  only  42'’'  of  twisted 
shicldcvi  pair,  per  a ltt74  GE  inventory  study. 

PlUNTEl)  C’lHCT  lT  BOARD  GHOI  NDING 


Printed  circuit  board  grounding  rules  have  evolved  from  standard  logic  into  the 
switching  speeds  associated  with  Schottky  logic.  Board  grounding  concepts  which 
worked  satisfactorilv  for  standard  DTE  and  I'-l,  logic  have  produced  problems  with 
the  2-.‘{  nanosecond  switching  speeds  associated  with  Schotlkv  logic.  I wo  l)oanl 
designs  have  been  ilevcloped  at  General  I-'lcclric  to  handle  these  switching  speecis. 

(me  is  a wirewi'a[)  board  tlesign  for  small  c(uantities  of  a particular  circuit,  the  other 
is  a printcvl  wire  board  for-  eithei'  large  iiroduction  or  critical  noise  prolilem  bo;u'ds. 
Highlights  of  these  gi-oumiing  inles  are: 

PHIN  TED  WIRE  B(  )AH1) 

a.  I / ( ) Piim  - 12  ground  pins  e(|uallv  spaced  along  the  conneetor  are  u.^'d  to 
permit  I A)  signals  to  be  routed  adjacent  nearbv  ground. 

Ii.  Dedicated  Board  Ground  Huns  - I'he  12  ground  pins  an  connected  to  grouiui 
nms  ((t.unn  inen  wide)  aiul  run  up  the  tioard  as  e(|uall\  spaceii  as  is  possible, 
These'  mav  be  moved  somewhat  or  staggered  to  n'lii've  conge'stion,  liowi  i-r 
this  pr.'iclice  is  as  minimal  as  |K)ssible. 
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i‘.  TIk'  Ijoard  desif’ii  is  then  done  as  normal . .Microcircuit  s>rounds  are  lied  to  the 
hoard's  hoiizontal  ground  runs  as  ctinluiuous  as  iwssihlc,  Veilical  jumpers 
r.Olii  inch  wide  are  addctl  to  tie  the  ground  runs  together.  I'hcsc  are 
added  at  each  vow  v\herc  space  is  a\ailahlc. 

d.  The  hoard  is  then  re-examined  and  a lantUill  technique  used  to  till  in  tlie  open 
areas  with  giimnd  plane.  PlaneS/  sections  u ill  exist  on  holh  sides  ol  the 
!x)ard  and  the\  are  interconnected  with  plaled-tlmnigli  holes  on  their  t.-dges 
coriK'is  wherever  possiljle. 

e.  When  comidete  the  hoard  should  have  the  tollowing  characteristics; 

tl)  When  held  to  the  light  the  board  is  almost  opaque  due  to  cop(X‘r. 

(2)  Microcircuits  arc  rel’erenced  together  vcrticall\  as  well  as  horizontally. 

W IHi:  WKAP  BUAin.'S 

!'he  basic  wirewra|)  hoard  design  tor  t't'd  aiul  othei'  training  devices  incorjioratcs  a 
ground  plane  on  one  side  ol  the  hoard  with  the  o vdc  power  plane  on  the  (jther  side  ol 
the  hoard.  The  basic  hoard  has  some  unique  giaxmding  leatures  to  foolprool  the  lugie 
ooard  design  [>rocess  Irom  an  EMI  standpoint,  i hese  are: 

a.  12  evenh-  spaceti  lA>  pins  ai-e  dedicateti  to  grounding  the  Ixiard's  gi’ouiul 
plane.  Tins  alleviates  problems  where  designers  or  draltsmen  trv  to 
reduce  or  just  neglect  grounding. 

h.  Wirewrap  rides  have  been  pi-ogrammed  into  the  wirewrap  computer  pi’ogfam 
to  minimize  wire  to  wire  coupling.  The  program  ami  aulomat<.‘ii  wiiiwrai) 
system  protluces: 

(1)  Wire  length  analysis,  ma.ximizes  la\er  lengths,  minimizes  V.o  lengths. 

(2)  Adds  a wirewrap  ground  grid.  I’rogrammed  in  ground  wires  added  in 
i-ach  row  and  column  to  separate  Zj  from  Z.>  wiring. 

(,•})  .\dds  hold  down  jumnci-  wires  to  maintain  minimum  elevation  ot  wiring 
to  the  gTound  plane. 

these  rules  have  been  successfully  applied  in  seveial  ti  ainers.  A test 
example  ease  indicated  coupling  on  the  typical  hoard  had  hi-cn  reduced  In 
i;i  . I \pit  all\  , wire  to  wire  coupling  on  tlu'  lioard  i-an  he  kept  hi-low  u.  .’i 
volt  l>\  using  the  ground  plane  and  Ihcsi'  siiupli'  wircwiap  ndcs.  Figure  h 
illustrates  the  low  noise  wirewrap  hoard  develo))ed  lor  high  speed  logic. 

( O.NCTL'SIONS 

(■rounding  and  ground  noise  is  an  envii'oiimental  comiition  that  is  olten  ignoivd  or 
left  to  an  KMC  specialist  to  resolve.  This  is  not  ont\  title  in  trainers  hut  airerall, 
ships  and  spacecraft.  I maintain  that  this  i-ondition  still  exists  in  1H7T  because  the 
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f KMC  coinniunilv  does  iiol  specify  ground  noise  (luanlitativelw  Cieneral  Kleeli'ic  is 

I attempting  to  make  this  transition  on  the  DSCS  HI  satellite  where  a multipoint  gi’ound- 

I itig  concept  is  mandatoiw  due  to  the  nuclear  threat  and  space  plasma  charging  and 

1 discharging  contlitions.  I'oi'  this  a(>|)lication,  Ceneral  Kleciric  sjn'cii'ies  that 

components  limit  theii  unbalanced  power  line  current,  thus  tlie  noise  injected  into 
the  gia>und  system  is  minimized.  The  specifications  also  recjuire  that  interfacing 
components  he  testi-d  by  injecting  ground  noise  currents  (spikes)  between  their 
^ chassis  groimds.  This  reciuirement  drives  current  interface  designers  to  consider 

conimon  mode  noise  as  wt-11  as  the  standard  normal  )node  noise.  )lopefull\  , more 
engineers  will  realize  that  the  real  KMC  problems  occurring  are  caused  b\  grounding 
negligence  and  thus  will  take  cori'ectivc  action. 

f 
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ABSTRACT 


♦ 


A network  of  conductors  must  be  installed  in  large  scale  digital  simulators 
and  trainers  to  form  a chassis  ground  reference  in  the  overall  grounding  system. 

The  network  is  used  to  maintain  equipment  chassis  at  equal  potential  for  safety 
reasons  and  is  also  used  as  the  reference  ground  for  high  frequency  equipment. 

In  recent  years,  simulators  and  trainers  have  increased  in  size  and  the  electrical 
and  electronic  equipments  have  had  to  process  higher  and  higher  frequencies. 
Consequently,  the  importance  of  the  chassis  grouml  network  has  become  more 
prominent.  For  these  reasons,  the  design  and  implementation  of  chassis  ground 
networks  has  become  a subject  of  Sfx;cial  interest  to  personnel  responsible  for 
grounding  systems. 

This  paper  describes  the  components  :md  installation  methods  that  have  been 
successfully  used  to  form  practical  low  impedance  chassis  ground  networks  in 
several  lai'ge  trainer  and  simulator  systems.  This  paper  describes  network  con- 
figurations, types  of  conductors  used,  and  bonding  methods  employed.  The  me;isured 
resistance  values  of  several  networks  are  presented. 


k 
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Abstract 


A network  of  conductors  must  be  installed  in  large  scale  digital  simulators 
and  trainers  to  form  a chassis  ground  reference  in  the  overall  grounding 
system.  In  recent  years  simulators  and  trainers  have  increased  in  size  and 
the  electrical  and  electronic  equipments  have  had  to  process  higher  and 
higher  frequencies.  Consequently,  the  importance  of  the  chassis  ground  net- 
work has  become  more  prominent.  For  these  reasons  the  design  and  implementa- 
tion of  chassis  ground  networks  has  become  a subject  of  special  interest  to 
personnel  responsible  for  grounding  systems. 

This  paper  describes  the  components  and  installation  methods  tliat  have  b>.en 
successfully  used  to  form  practical  low  impedance  chassis  ground  netwoiks  in 
several  large  trainer  and  simulator  systems.  This  papei  describes  netwirk 
configurations,  types  of  conductors  used,  and  bonding  methods  employed.  Pu 
measured  resistance  values  of  several  networks  are  presenti'd. 


Introduction 


The  chassis  of  the  various  electrical  and  electronic  equipments  in  large 
seals  digital  simulators  and  trainers  must  be  interconnected  and  gr.'undid  to 
the  building  electrical  safety  ground  through  a network  of  conductors.  The 
network  serves  two  purposes  in  the  overall  grounding  sclieme.  It  is  used  to 
maintain  equipment  chassis  at  equal  potential  for  safety  reasons  and  it  is 
also  used  as  the  reference  ground  for  high  frequency  signal  returns  and  cable 
shields.  Because  of  the  frequencies  involved,  a low  impedance  network  is 
essential  for  effective  performance  and  care  must  be  exercised  in  the  selec- 
tion and  configuration  of  components.  For  these  reasons  the  chassis  ground 
network  deserves  special  attention. 
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Although  many  noteworthy  articles  have  been  written  about  grounding  systems, 
discussions  related  to  the  design  and  implementation  of  chassis  ground  net- 
works have  been  notably  absent  from  most  publications. 

Therefore,  it  would  seem  logical  and  timely  to  describe  existing  systems  so 
that,  after  review  and  criticism,  recommendations  for  improvement  can  be 
proposed . 

This  paper  describes  the  components  and  installation  methods  that  have  been 
successfully  used  to  form  practical  low  impedance  chassis  ground  networks  in 
several  large  trainers  and  simulator  systems. 

But,  before  proceeding  to  the  chassis  ground  network  it  may  be  beneficial 
to  describe  the  overall  grounding  system. 


Overall  Grounding  System 

The  grounding  system  in  a trainer  or  simulator  facility  is  comprised  of 
separate  ground  references  for  primary  power  returns,  signal  circuits,  and 
equipment  chassis.  Power  and  signal  circuits  are  equipped  with  wired 
returns.  This  grounding  method  implements  the  single-point  principle  at  low 
frequencies  and  multiple-point  principle  at  high  frequencies.  The  advantages 
of  this  hybrid  grounding  approach  have  been  described  by  other  authors^. 

There  are  two  reasons  for  the  separate  ground  references.  One  reason  is  to 
isolate  primary  power  current  from  chassis  ground  to  ensure  safety.  Another 
reason  is  to  prevent  interaction  and  coupling  between  power  and  signal  cir- 
cuits that  would  otherwise  result  in  unwanted  conducted  interference. 


Customarily,  high  frequency  signal  returns  are  terminated  to  chassis  ground 
using  the  multiple-point  grounding  principle,  while  low  frequency  signal 
returns  and  primary  power  returns  are  isolated  from  chassis  and  are  separately 
and  independently  returned  to  the  building  electrical  safety  ground  point. 
Although  the  chassis  ground  network  does  not  normally  conduct  low  frequency 
signals  or  primary  power  current,  it  must  be  designed  to  have  this  capability 
to  prevent  a build  up  of  dangerous  voltage  levels  in  event  of  an  electrical 
short.  In  either  case  a low  impedance  network  is  essential.  Resistance  is 
another  important  consideration,  because  contracts  often  specify  that  DC 
resistance  between  any  two  cabinets  must  be  less  than  5 railliohms  when 
meaeured  between  the  cabinet  chassis  ground  points.  The  impedance  of  a 
large  network  of  conductors  is  complex  and  difficult  to  evaluate.  On  the 
other  hand  DC  resistance  measurements  are  relatively  easy  to  perform  and 
give  a good  indication  of  the  effectiveness  of  bonded  connections.  For  tliese 
reasons  care  must  be  exorcised  in  the  selection  of  components  and  in  tlie 
configuration  of  the  chassis  ground  network. 
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Component  Section  and  Network  Conf i>?uratLon  ^ 

When  selecting  the  components  to  form  the  chassis  ground  network  some  of  the 
more  important  considerations  are  inductance,  resistance,  current  carrying 
capability,  size,  availability,  and  cost.  Although  wires  and  solid  conduc- 
tors can  be  used,  copper  tubing  is  a reasonable  compromise  among  these  con- 
siderations and  is  often  used  to  form  the  main  conductors.  Ground  straps 
must  be  used  to  connect  equipment  cabinets  to  the  tubing. 

Figure  1 shows  the  floor  plan  of  an  existing  simulator  with  copper  tubing 
arranged  in  radial  configuration.  The  heavy  lines  represent  three  lengths 
of  3/4  inch  continuous  Type  K copper  tubing  that  are  approximately  15,  32, 
and  34  feet  long.  Continuous  tubing,  available  in  reels,  was  used  to  avoid 
the  need  for  soldered  joints.  Ground  straps  of  shortest  practical  length 
were  used  to  connect  the  tubing  to  the  equipment  cabinets  and  to  the  system 
ground  plate  to  minimize  inductance  and  resistance.  Of  course,  the  system 
ground  plate,  shown  as  the  filter  panel,  was  similarly  connected  to  the 
building  ground  point. 

Flat,  flexible,  tin  plated  copper  ground  straps  were  used  to  make  the 
various  connections.  Flat  straps  present  a lower  impedance  than  wires; 
flexible  straps  resolve  the  mechanical  problems  of  creepage  and  expansion; 
tin  plating  helps  to  prevent  corrosion  when  joining  dissimilar  metals. 

Ground  strap  dimensions  vary  with  application.  Width  is  normally  2 to  3 

inches,  while  length  may  be  9 to  18  inches.  Current  carrying  capability  is  ‘ 

dependent  on  circuit  breaker  rating.  Most  power  distribution  systems  use 
many  circuit  breakers  rated  at  15  and  30  amperes.  Ground  straps  are  nor- 
mally designed  to  conduct  on  overload  current  of  5 to  10  times  circuit  I 

breaker  rating  or  about  100  to  300  amperes. 

In  large  installations  where  a great  number  of  conductors  must  be  used  in 
grid  configuration  to  lower  the  network  inductance  and  resistance,  the  use 
of  copper  tubing  has  practical  limitations. 

In  a large  facility,  an  elevated  floor  system  of  rigid  grid  construction  is 
normally  installed  and  the  grids  or  stringers  are  used  as  the  main  conduc- 
tors of  the  chassis  ground  network.  The  ground  straps  used  need  not  differ 
from  those  used  with  copper  tubing.  Figure  2 shows  components  of  a rigid 
grid  floor  system.  The  floor  stringers  are  bolted  to  the  pedestals  to  form 

a grid  of  two-foot  squares.  Rigid  grid  floor  systems  are  available  in  steel  ' 

or  aluminum  and  are  designed  to  have  low  resistance  characteristics.  Figure 
3 shows  the  floor  plan  of  an  existing  trainer  that  contains  an  aluminum 
rigid  grid  floor  system.  /'ji  aluminum  floor  was  used  because  measurements 
showed  its  resistance  was  much  lower  than  that  of  a similar  steel  floor. 


i 
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Bonding  Method 

When  installing  ground  straps  the  bonding  method  must  ensure  a long  lasting 
low  resistance  connection.  Although  welded  connections  are  often  preferred, 
bolted  connections  are  adequate  for  most  applications,  are  easier  to  install, 
and  also  enable  quick  alteration  should  the  need  arise. 

In  the  systems  that  have  been  described  the  bolted  connection  methods  shown 
in  Figure  4 were  used  with  a conductive  sealing  compound  and  were  found  to 
be  adequate  for  this  application. 

Network  Resistance 

Referring  again  to  Figure  1,  the  heavy  lines  shown  represent  three  separate 
lengths  of  3/4  inch  continuous  Type  K copper  tubing  that  are  approximately 
15,  32,  and  34  feet  long.  The  DC  resistance  of  this  type  of  tubing  is 
approximately  51  microhms  per  foot.  Measurements  have  shown  that  the  average 
ground  strap  resistance  and  the  contact  resistance  of  bolted  connections  is 
slightly  lower. 

Resistance  measurement  were  made  from  the  system  ground  plate  to  eacli  equip- 
ment cabinet.  The  measured  resistance  levels  ranged  from  about  1.5  to  5.0 
milliohms,  with  no  measurement  exceeding  5 milliohms. 

For  the  trainer  shown  in  Figure  3,  resistance  measurements  were  made  from 
Unit  17  to  all  other  cabinets.  The  results  of  the  measurements  are  shovai 
in  Table  1.  All  resistance  levels  were  less  than  5 milliohms. 


-469- 


/ - SURFACE  PREPAR.\TION' 


a)  CLAMP  CONNECTION  - GROUND  STRAP  TO  TUBE. 


b)  CONNECTION  - GROUND  STRjXP  TO  CABINETS  ^ POWER  PANELS. 


Figure  4.  Bolted  Bonding  Connection  Methods 
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Conclusions 

From  the  limited  applications  that  have  been  described,  we  may  conclude 
the  performance  of  the  chassis  ground  network  is  dependent  to  a major  de 
on  the  components  used  and  on  the  network  configuration. 

It  has  been  shown  that; 

1.  Copper  tubing  arranged  in  radial  configuration  is  adequate 
for  small  installations. 

2.  False  floor  systems  arranged  in  grid  configuration  is  a 
close  approximation  of  an  ideal  reference  ground  and  can 
be  used  in  large  installations. 

3.  Bolted  bonding  methods  were  adequate  for  ground  strap 
connections  in  the  installations  described. 

Digital  simulators  and  trainers  will  continue  to  increase  in  size  and  us 
equipment  that  must  process  higher  and  higher  frequencies.  Therefore,  a 
of  the  design  considerations  discussed  herein  should  be  continually  eval 
so  that  recommendations  for  improvements  can  be  proposed. 
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ABSTRACT 


Raised  floors  are  commonly  used  for  elevating  electronic  cabinets  above 
the  sub-floor  allowing  cables,  ducting  and  piping  to  be  routed  out  of  view.  Bolted- 
Grid  floors  can  also  be  used  for  providing  an  effective  ground  refer-^nce.  This 
paper  discusses  and  gives  design  guidance  on  the  selection,  testing  and  installation 
of  raised  floors  for  grounding  purposes. 

Maximum  scale  factor  values  derived  from  an  analogous  floor  motiel  are 
presented  for  floor  sizes  of  38'  x 58',  58'  x 58',  and  a family  of  28'  wide  floors 
ranging  in  length  from  18'  to  118'.  The  scale  factor  allows  the  user  to  determine 
maximum  worst  case  point-to-point  resistance  for  a floor  based  on  grid  resistance, 
pedestal  to  grid  junction  resistance  and  straight  line  point-to-point  distance. 
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Electrical  noise  problems  have  red.jced  ne  efficiency  of  electronic 
training  systems  such  as  flight,  weapon  and  v;ar  game  simulators.  A 
number  of  these  problems  have  been  associated  with  simulator  grounding 
systei.i  design.  Most  large  scale  simulators  utilize  a combination  of 
operational,  commercial  and  contractor-designed  equipments  and  subsystems 
whose  signal  ground  systems  are  seemingly  incompatible.  It  was  hypothe- 
sized that  grounding  problems  due  to  poor  bot.ds,  common  and  long  grounding 
conductors  would  be  avoided  if  an  equi -potential  ground  reference  system 
could  be  provided.  Since  most  simulators  were  provided  with  a raised 
floor  system  it  was  felt  that  if  a low  resistance  could  be  achieved 
between  the  metallic  parts  of  the  floor  structure  that  this  vast  netv^ork 
would  provide  an  equi-potential  reference  system. 

The  information  contained  in  this  paper  represents  their  use  for 
several  years.  Included  in  this  discussion  are: 

a.  Background  infor-mation  on  raised  fleers 

b.  Raised  floor  spec i fications 

c.  Experiences  and  problem  areas 

d.  Raised  floor  model 
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BACKGROUND  INFORMATION  ON  PAISED  FLOORS 
Raised  Floor  Systems. 

Raised  floors  are  used  to  structurally  support  equipment  cabinets 
and  provide  a space  between  the  original  facility  floor  and  raised  floor 
plates  for  cabling,  air  plenum  or  air  conditioning  ducting,  piping, 
drains,  etc.  Raiseo  floors  provide  an  esthetic  room  appearance. 

Three  general  types  of  floor  systems  manufactured  are:  a)  the  free- 

standing, stringerless  or  pedestal -only  type;  b)  the  drop-in  grid  or 
removable  grid  type;  and  c)  the  bolted-grid  (stringer)  or  rigid  grid 
system. 

Free-Standing,  Pedestal  Only  or  Str ingerless  System . 

The  pedestal  only  system  is  shown  in  figure  1.  The  pedestal  base 
is  glued  or  "shot"  in  place  to  form  the  basic  understructure  The 
pedestal  heads  are  leveled  and  floor  panel  installed.  The  conductivity 
betv/een  distant  pedestals  is  variable  end  unreliable,  making  it  unsuitable 
for  a ground  reference. 

Drop-in  or  Removable  G rid  System . 

The  Drop-In  Grid  System  i^  shown  in  figure  2.  The  grids  or  stringers 
are  retained  by  engaging  pins  or  depressions  in  the  pedestal  head.  The 
stringers  supoly  support  and  when  newly  installed  provide  comparatively 
low  resistance  contact  to  the  pedestal  head.  Equipment  cabinets  resting 
on  the  floor  panels  orovide  increased  contact  pressure  in  certain  areas. 

Severe  corrosion  ano  unreliable  electrical  _ontact  have  resulted  due  to 
diet,  moisture  and  floor  cleaning/waxing  compounds  filtering  through 
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Figure  1 

Example  cf  Pedes tai  Orly 


Floor  Construction 


Figure  2 

Example  of  Drop-In  Grid 
Floor  Construction 
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crevices.  This  floor  syst..ni  is  also  considered  unsuitable  for  a reference 
plane.  Floor  panels  resting  on  the  pedestals  and  grids  are  comnonly 
24"  X 24"  although  they  may  be  purchased  in  10"  x 30"  dimension. 

Bolted-Grid  (Stringer)  or  Ri gid  Grid  System. 

Shown  in  figures  3,  4 and  5 are  bolted-grid  floor  systems.  The 
systems  are  similar  to  the  drop  in  grid  except  the  grids,  when  properly 
installed,  are  securely  bolted  or  clamped  in  place.  The  floor  panels  are 
normally  24"  x 24"  as  in  the  removable  grid  system.  The  individual  grid 
lengths  may  vary.  Some  manufacturers  use  "Tain"  stringers  that  span 
three  pedestals  (approximately  6')  while  the  "cross"  stringers  are 
less  than  2"  (for  the  24"  x 24"  floor  pane!).  Materials  used  for 
stringers  and  pedestal  heads  are  steel  and  aluminum.  Standard  floor 
panels  are  steel  or  alurr’num  with  a selected  floor  covering. 

RAISED  FLOOR  SPECIFICATIONS 

The  Naval  Training  Equipment  Center  (liAVTRAEQUIPCEN)  wrote  and  issued 
a raised  floor  specification  (MIL-F-29046  (TD))  in  1974  which  is  included 
with  amendments  in  Appendix  A.  As  problems  are  experienced,  amendments 
are  made.  The  first  two  amendments  have  been  because  of  problems  requir- 
ing resolution.  This  document  is  actively  used  in  raised  floor  procurement 
by  NAVTRAEQUIPCEN.  It  is  unknown  whether  other  government  agencies  have 
raised  floor  specifications  at  this  date. 
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Rigid  Grid  Floor  System  Details 
Fl^nire  1 
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Figure  5 

Example  of  Rigid-Grid 
to  Pedestal  Clamped  Ccnntition 


EXPERU.NCES  AND  PROBLEM  AREAS 

The  experiences,  in  general,  in  using  raised  floors  for  a ground  reference 
have  been  excellent.  Problem  areas  that  designers  should  be  aware  of  are: 

a)  Installation  practices 

b)  Site  preparation 

c)  Floor  system  checkout 
Installation  Practi ces . 

Installation  practices  have  caused  poor  bonded  joints  between  pedestal 
heads  and  stringers.  These  are  primarily  due  to: 

a)  Pedestal  heads  heavily  oxidized  and  dirty  when  bolted 

b)  Use  of  poor  bolting  hardware 
(speed  nuts,  sheet  metal  screws) 

r)  Bolting  hardware  not  installed  or  not  properly  tightened 
The  installation  contractor  may  receive  aluminum  oedestal  heads  from  the 
manufacturing  plant  that  are  heavily  oxidized.  The  joint  surface 
requires  minor  abrasion  and  perhaps  a light  coating  of  a joint  protective 
compound.  The  joint  compound  should  be  particularly  considered  for  ncn- 
carpeted  floors  where  moisture,  cleaning  compounas  and  wax  would  settle, 
degrading  the  joint  (sometimes  severely)  in  a several  year  period. 

The  use  of  improper  bolting  hardware  has  caused  unreliable  joints. 

In  one  case  the  floor  manufacturer  used  sheet  metal  screws  to  hold  the 
stringer  to  the  pedestal.  Another  floor  system  that  previously  used 
standard  nuts  changed  the  design  to  use  a "clip"  nut  which  deformed, 
stripped  fastener  threads  and  created  loose  joints.  This  "clip"  nut 
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is  shown  in  figure  6 and  is  called  the  grid  lock  nut  by  the  man  lacturer. 
MIL-F-29046  was  modified  to  specifically  prohiMt  the  use  of  that  type  of 
hardware. 

It  is  recomoended  that  the  installation  crew  be  briefed  and  the 
floor  tested,  if  possible,  witn  floor  panels  not  installed. 

Site  P reparation. 

The  basic  problem  of  installation  site  preparation  is  the  avoidance 
of  undesired  metal  contacts  from  facility  ducting,  piping  and  structure. 
These  inadvertent  contacts  present  a definite  problem  in  checking  out 
the  floor  installation.  It  is  mystifying  to  read  decreasirj  resistances 
as  distance  between  reference  and  test  points  are  increased. 

The  raised  floors  that  were  first  used  for  reference  ground  networks 
were  isolated  from  the  facility.  A number  of  later  installations  were 
compromised  severely  through  multiple  contact  to  other  metallic  structures. 
No  interference  problems  have  been  experienced  at  these  sites.  It  is 
unknown  whether  leakage  currents  from  the  facility  were  injected  into 
the  ground  reference  system  or,  if  so,  the  raised  floor  structure  presented 
such  a low  impedance  that  potential  approaching  the  interfering  level  were 
never  reached,  perhaps  both. 

Floor  System  Checkout. 

Raised  floor  systems  that  were  provided  with  the  simulator  were  not 
tested  separately.  The  contractor  was  requi'cd  to  not  to  exceed  a specified 
resistance  value,  usually  b milliohms,  between  cabinet  chassis.  The  policy 
of  the  government  supplying  the  floor  at  the  training  facility  has  led  to 
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Figure  6 

Examp-le  of  Unacceptable  Grid 
to  Pedestal  Bonding 


need  of  ensuring  the  floor  is  suitable  as  a ground  reference  over  a long 
term  period.  The  specific  means  of  testing  the  floor  as  a system  has 
not  been  fully  determined.  To  this  point,  tests  have  been  limited  to 
making  resistance  measurements  between  pedestals  and  stringers  and 
between  arbitrary  points  of  the  floor  grid  (vjith  floor  panels  and 
training  system)  installed.  Typically,  a pedestal  head  to  stringer 
resistance  will  read  about  40y6conms.  The  specification  (MIL-F-29046) 
was  changed  from  SOO^ohms  to  lOO^ohms  as  an  effort  to  eliminate  poorly 
bonded  joints. 

The  instrument  used  for  field  measurements  is  a modified  Shallcross 
Model  670A  Mil  1 iohmmeter.  The  instrument  was  changed  from  battery  to 
AC  power  input  and  test  leads  were  lengthened  enabling  75  foot  measure- 
ments to  be  made. 

A problem  arose  with  field  measurements  when  poor  installation 
practices  coupled  with  multiple  connections  to  building  metallic  structures 
v/ere  found.  The  resistance  readings  were  unpredictable  as  a function  of 
distance.  To  further  compound  the  problem  was  the  specific  resistance 
value  between  points  of  large,  isolated,  properly  installed  floors  of 
arbitrary  dimensions  was  unknown.  Poor  joint  connections  were  located 
through  individual  measurements.  To  solve  the  resistance  measu'^ement 
problem  on  a system  basis  led  to  a computer  program  search  (unsuccessful) 
and  the.  construction  of  a scaled  model  of  the  floor  grid  without  panels 
for  typical  floor  sizes. 
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RAISED  FLOOR  MODFL 


An  analagous  raised  floor  model  was  constructed  to  determine  expected 
worst  case  resistances  between  pedestal  heads  of  floor  sizes  typically  used 
in  simulator  installations.  A definite  problem  exists  with  the  floor  or 
its  installation  if  the  calculated  resistance  is  exceeded. 

The  model  was  constructed  of  12  terminal  boards,  each  representing 
an  8'  X 28'  floor.  Over  1700  1 Kjl  + 5«  resistors  were  used.  The 
terminals  represented  pedestal  heads  while  the  resistors  represented  the 
total  of  the  grid  and  the  two  grid  to  pedestal  junction  resistances. 

C 

The  1 KJI  resistors  are  approximately  10  times  the  actual  values  encountered 
in  the  field.  Due  to  high  usage  of  the  24"  x 24"  floor  panels  the  resultant 
graphs  reflect  the  2'  pedestal  to  pedestal  distance. 

Three  sets  of  measurements  were  made  on  the  various  model  floor 
sizes.  The  first  represented  the  highest  possible  resistance  that 
could  be  obtained.  That  is,  an  edge  corner  pedestal  was  used  as  one 
point  and  measurements  were  rriade  to  all  other  edge  points.  The  second 
set  represented  measurements  made  from  pedestals  located  4‘  in  from  the 
edge.  This  was  selected  due  to  the  actual  minimum  spacing  required 
between  electronic  cabinets  and  walls.  Considering  that  the  bond 
straps  from  the  equipment  cabinets  are  desired  short, the  4'  in  spacing 
simulated  actual  hardware  conditions.  The  last  set  of  measurements  were 
made  to  determine  the  lowest  resistance  obtainable  in  a straight  line 
measurement.  These  were  made  in  the  center  of  the  model  beginning  at 
the  center  and  working  towards  the  edge  in  two  foot  increments.  This 

I 
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value  represents  the  lowest  value  resistance  that  one  can  expect  when 
the  floor  panels  are  excluded  and  no  multiple  connections  to  the  building 
are  made.  Figure  7 illustrates  the  measuremert  philosophy  that  is 
related  to  the  data  graphs. 

The  graphs  shown  in  figures  8,  9 and  10  are  the  designer's  resistance 
value  guides  for  selected  floor  sizes.  The  scale  factor  shown  on  the 
axis  was  calculated  from  the  measured  value  between  the  two  pedestals 
at  the  model  distances  shown  divided  by  the  1 K xuresistor  representing 
the  single  grid  and  joint  resistances.  Figure  8 gives  the  data  on  a 
simulated  58'  x 58'  floor.  The  peak  on  the  top  curve  (edge)  represents 
an  increase  of  the  corner  to  corner  resistance  (points  a to  b,  figure  7). 

The  final  end  point  is  the  diagonal  (point  c,  figure  7)  with  the  lower 
intermediate  points  at  edge  pedestals.  The  distances  after  the  58' 
point  represents  straight  line  distance  to  the  pedestals  from  the  corner 
reference  point. 

On  the  4'  in  graph  (figure  8)  the  first  peak  represents  the  distance 
and  resistance  to  the  4'  in  to  4'  in  corner  points  (points  d to  e - figure  7). 
The  final  point  (f  - figure  7)  represents  the  distance  and  resistance  to  the 
diagonal.  Figure  9 is  done  similarly.  The  first  peak  of  the  graph  is  the 
maximum  value  at  the  indicated  distance  (the  38'  corner  in  the  edge  case). 

The  values  of  the  edge  and  4'  in  curves  are  the  maximum  values  calculated. 
Figure  10  takes  in  a whole  family  of  28'  wide  floor  sections.  Each  peak 
represents  the  edge  corner  to  corner  resistince.  The  diagonal  sho'wn  by 
the  dips  in  figures  8 and  9 has  been  deleted  from  this  graph  since  it 
is  equal  to  or  less  than  the  main  curve.  The  slight  peaks  in  the  4'  in  curves 
were  deleted  due  to  their  increase  being  so  minor. 
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Scale  Factor  Determination 


Scale  Factor  Determination 


To  use  these  graphs  the  Tcl lowing  items  should  be  known: 

a)  The  floor  external  dimensions 

b)  The  actual  stringer  resistance 

c)  The  maximum  permissible  junction  resistance 

d)  The  at  line  distance  between  floor  points  desired 

The  floor  external  dimensions  will  determine  which  graph  to  use. 

Use  the  one  with  closest  diinensicns  if  not  listed.  Select  the  distance 
between  points  desired  and  rise  to  the  appropriate  edge,  4'  in  or 
center  line.  Read  the  scale  factor.  Add  the  stringer  and  two 
junction  resistances,  multiply  by  the  scale  factor  and  the  theoretical 
resistance  value  is  determined. 

Figure  11  shows  a comparison  between  calculations  and  actual 
measurements  made  on  an  isolated  floor  using  steel  stringers  of  the 
type  shown  in  figure  3 with  a typical  junction  resistance  of  30  « ohms  and 
floor  panels  installed  and  making  good  contact  with  pedestals  and  stringers. 
The  use  of  conductive  vinyl  sound  deadening  pads  and  grid  strips  increases 
the  value  to  the  point  where  the  lowering  of  the  resistance  due  to  the 
panels  is  considered  a non-controlled  gratuity.  Even  those  floor  panels 
with  copper  grounding  "clips"  cannot  be  relied  upon  due  to  the  fragile 
nature  of  the  "clips". 
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Connections  from  the  electronic  system  and  outside  world  to  the  floor 
is  important.  Clamps,  if  used,  should  be  installed  on  the  uppe  ' pedestal 
assembly  to  avoid  the  relatively  high  resistance  between  the  lower 
assembly  (that  has  the  base)  and  the  upper  column.  The  grid  to  pedestal 
fastener  hardware  can  often  be  changed  to  allow  bolting  a bonding  cable 
terminal  directly  to  the  pedestal  head.  It  is  feasible  to  obtain 
additional  grid  locking  hardware  and  use  it  to  bolt  the  bonding  cable 
terminal  to  a grid.  Another  means  of  terminating  a bonding  cable  is 
to  drill  a hole  and  bolt  it  to  a non-heavy  weight  bearing  stringer. 

In  extremely  humid  environments  where  corrosion  is  common,  the 
use  of  corrosion  prevention  compounds  is  recommended.  Bolted  joints 
can  be  covered  with  a non-corrosive  silicone-rubber  compound  that  will 
protect  the  joint  for  the  life  of  the  installation.  An  ice  cube  rubbed 
on  the  silicone-rubber  will  smooth  it  and  make  it  appear  as  a professional 
installation. 

Carpeting  selected  as  a floor-covering,  should  be  of  a low  static 
or  static  free  type  to  prevent  possible  spurious  signals  or  component 
failure  when  touching  hardware.  MIL-F-29046  contains  this  but  surveillance 
is  required  to  ensure  its  use. 

To  determine  the  degradation,  if  any,  of  the  floor  with  time, 
resistance  measurements  and  method  should  be  documented  and  available  so 
that  repeat  measurements  can  be  made  if  ground  reference  system  problems 
are  suspected  or  periodic  checks  for  degradation  made. 


CONCLUSIOMS 


The  MIL-F-29046  specification  provides  a lase  for  raised  floor 
procurements.  Utilizing  it  plus  the  guidelines  in  this  paper  will  provide 
a ground  reference  system  tnac  is  wel 1 -designed,  properly  installed  and 
lasts  for  the  life  of  the  electronic  system  installation. 


APPENDIX  A 

MlL-F-29046  (TD) 
Flooring,  Raised,  General 
Specification 


MILITARY  SPECIFICATION  MIL-F-29046(TD) 

AMENDMENT  2 


Project  No:  69G 


‘'IL-E-48CA  Enamel,  Baking,  Phenol-  or  Urea-  Handbook  u-28  Screw-Thread  Standards  for 

formaldehyde  Federal  Services 

^IL-P-3065  Rubber,  Fabricated  Parts  {Application  for  copies  should  be  addressed  to  the  Superintendent  of 

Docunents.  oOvernmert  Printing  Office,  Washington,  D.C.  20402.) 

FSC  69r.P 


AMERICAN  NATIONAL  STANDAR3S  INSTITUTE,  INC.  (ANSI) 


iT)  •«- 
r—  AT> 

ill  ao  <u  x> 

3 v£>  i-  0< 


*/N  jr 
o C7»  0>  «/» 

4-»  c u 
f-  3 ir> 
E ♦-*  vo 
o u <o 
c o i-  I 
<T>  oi  a; 

c o.  « 
i/*  O E 
<j  4/  rs4 


,0  C7» 

0»  O' 

fc-  3 ,C  C 

4<  t. 

■c  ^ a 
:k  u o L. 
•-  o 

t i <•- 

• o e 

t-lc  •—  O 


csj  oi  c • 

• •«->  o u> 

»—  <0  •»-  NO 

. W U I 
ro  o -r-  QC 
XJ  *—  I 
O o.  — J 
3 d «— 

u <o  s: 


L.  cn 

cNj  c a; 

• o>  o » 

CM  ON3  -O 


■ O • f- 

CM  4;  *0  3 

. w o>  o 

3 3 


(/>  4>  V.  O) 
•—  > O'  o» 
<TJ  O i/) 


ry 

>♦-  3 cn  4-J 
O r—  Q,  ITJ 
O 1.  U 
*-•  c »- 


UN  «/>  Oi  u 
C o>  O 0> 
o a 

u u > «/t 

O O) 

•—  UN  T5  O 
> — UN  0> 

«o  oj  O'*— 

x:  u c *- 

UN  *J  «0 
(O  ♦-»  *J 
fc  OJ 

<y  'o  -o 
♦-*  c ^ 

UN  4~J 

V - ll 
UN  O'  WN 
C O'  E 

fc.  -*-  c 

O W O 
o ID  ^ 


X*  QJ  * ITS 
C UN 

T>  Cl  UN 

I O.  b l- 

1HJ  O) 
I-  ^ -O 

o *- 
o • > 


UN  T1 

CM  C.  W CM 

• O Its 

c^  O O ro 


«—  CO 
• O *— 

CM  <t»  O N* 


; 8*^^ 

I p-  rn  o 


'/*  ^ 
<o  c oj 
a: 

£■5 


lO  (/»  »- 

O 4<  «/i 

p-  ^ ^ Ol 

Ai  X3  -O 
C CT*  t» 

0>  C U 4/ 

•*-  r-  £ 

i/>  W * 

4)  4-*  Cl 
■o  I.A  Q.  "O 

•o  c 

4-*  T>  <0 

C ••-  4» 

4>  cnx  c 


£ 

- 4-1  <0 

) -f-  u 

> — 


4^ 


4l  4)  -•- 
»*-•■-  U O 
O »—  C 41 

tq  o. 

e c Tj  */»  • 

4»  ^ C 

4-»  O i/>  O 

>»  41  U £ 

4/7  ^ <0  •«->  <0 
-r-  O 

%.  > C H-  •»- 

0 O O H- 

0 4-  - 

^ Cl  4»  ^ U 
•4-  U3  • O) 
4/  iT>  O. 
^ O »—  • 

W>  »—  n 
41  >*  *0  • 

•—  <0  £ cn  •»- 

u E (/>  ^ 

4*  ^ 

CT*- — ' C C7*  4) 
C CSJ  0>  3 “O 

o 

u t/i  C 4» 
♦J  • 4>  £ « 
v7  ro  "O  4-»  ^ 


41  f' 

C <Q  <0 

c x:  w 


c • a.  oj 
o c E «-* 

U C7»  <*> 


4-»  O O Cl 

■o  4-*  4- 

j:  o 

U T>  O 
<0  - k.  C 
O 6 <«  ■*“ 
4-  4> 

O.  4->  4)  4> 

O.  «/>  W ^ 

>/»  x:  ^ 
■o 


J -o  *-4  U7 

7 4>  U in 

* in  <q  o 

> u 

IT3  4*  O 

: 4.  > 4. 

•I~  d 


»—  > -F-  4. 
• 4«  4.  41 

-.  -bii 


QT5  O 
Jg  c 


"O  <q 
C -O 

to  L 
O 

•c  8 

4^  <q 


O r— 
•O 

|S 

4->  4> 
to  •— 
U 


m o 


ro  4) 

4-*  £1 

«n  *-» 


t — 

T>  fN. 

^ 07 


c • 

— t/> 


■O  4>  ! 
4>  C < 

c o 


•o  -O  •*-  4.  • 


4;  <0  O 

"O  c 

*0  4-  ^ 4<’r-' 

: »/»  4*  f—  «-• 

9 4-»  <o  3 m " 

<o  5 c xa  <-*  * 

> E m -/-  -o  - 

3 4*  4.  W *7 

"O  d tJ  ^ / 

■»•»-£-  <o  m 4>  I 

3 > ♦-»  O «-  TJ  r 

> o •—■0  4/ 

- 4-  H-  Cl  I 

Cl  O 4*  >7 

> ^ C 

£ -t-  £ 4> 

41 

' 0>  O J 

C X) 

I 4>  4>  -r>  4> 

k.  C ^ 


#—  V7  O 

£ 4»  »— 
«n  Cl  4) 


4i  «->  O 
••-  4>  O 
r-  *~t  C3 
d c *• 
d 4>  I/) 

IQ  -o 

C E 
4;  •*-  3 


V.  a*  41  mb- 


m 4^ 

c c 


* «-*  T5 


m “O  c 4>  d 
4»  ^ 4/  "O  «n 


> >«  O 


O »- 


E 3 

4>  O _ 

4->  Cl  C 3 

a.  c oj 
in  O C 0>x: 

4.^-*-40in  ■OVJt 

o v>  CM  4J  C C 4i 

o <•-  <0  O O 3 r- 
r—  O U <4- 


o o 


4)  4)  3 
u u «n 
X to 


> O A u 3 C 

E - 


► 4->  4> 

- <o  > 

4>  <— 

E u 
3 <o  E 
= *♦-  3 ' 

• u e ' 

< 3 -f- 

B m X ' 

= ^ ?i 

> 4> 

l>  C -O  I 

J iQ  41  < 
9 d «-• 


•—  m ' 

H-  74-  X O 
C 4)  4}  ^ 

•o  <o  -o  E o 

4>  .C 

m 4-*  E 4*  O 


••-  3 . 

» »n  E «-* 

• in  ••- 

4*  X 13 


^8  8' 


c c • 4>  m < 

O X>  £ I 

I*-  4i  u xa  -I 

C O m C « ■< 


. *->  O 070 

> <Q  4-*  C CO  4) 

7 U O -r-  o > 

• O n>  4»  -•»- 

I ^ Tt-  13  o *“ 


4.  4)  A 
4>  r—  E 


£ 


O' 

c 

^ c 


o «-» 

O 4> 

^ d 

>4-  U7 


in  D 

o 


E o 


4J  . 
O'  W 


4> 


4) 


s:  0*4. 


4->  o o •— 
n» 

o ^ 


/Q  lO  4> 

cyJ  in 


Cl,  c O' 

,o  c 

c, o <w 

— I o o 

mj  4- 


csj  nn 
m (M 


• in  1/7 

CM  CT'  * 

• C J 

ro  »- 


C 4>  O 4-* 


•»-  V7  4i  I 
E 4*  X>  J 
3 £ 4i 
»—  O Cl  T 
to  C t 
d < 

4-  C 

O «»  ♦-»  : 

^ c *4. 

4/  <Q  o 


£ £ i.  .C 


7 O "O  i/» 

c d 

d <o  *—  7 


u 4->  in  m 'k 


out-, 

r-  o d 

ir  *4-  in 


d W T3 
z d « 
X3  O 


o < 


' Q,  to  r 

to  c 
I o in  1 


I d 


»-  d • 

f—  C.  ■ 

<0  0 4-1 

c.  C 


d 41  <o  c «-• 


O K 

• c i 
**  o 


*4-  lO  O* 
E c 
O l.  •»- 


X3 

. .—  d 
o 

. <o 

CM  .c  d 
• in  j 
lO 

d d 
d 4-1  d 
d 'O 


r o 3 - — 
- XT 

> m 4-1  .X 

H d d o 
: TJ  o d o 
5 — c d 


d 4>  *4-  c 
x:  o <o 
4-1  w X 
o "O  o 


c d c 

<0  3 

d in  — 
d <o 


o m c > 

d -r-  -1^ 

t-  *4-  <— 

<o . — . 

«n  £ ^ <o 


o in 
-1-  C 

u o 


<o  «n 


ddO££m»—  - d 

O o04-*inu  *a<v>£ 


d <4-  ^ • I 

m <T}  in  j 

4->  <o  d d ^ 4 


1 4.  "O  "O  in  . 

I o <o  d xa 

d •-  u » 


• d>~ 
<D 
d d 


c d 
d 

!—  4^ 

<0  to 


>—  4^  d 4-*  t- 


C C J 

3 ID  I 

d ua  I 


■ *4-  c E 
1 d d 
u d 4-1 
: d X m 

• -C  >7 

4^  d m 
7 d o 
1 £ 4. 

: X 41  o 
1 u o 

: d 4}  r— 
> > d*4- 


07  in  d 

c d d m 

«-  "O  1/7  «— 


Odd 
C > 0"4- 

<o  O c O 


3 ^ 


O'  m 1. 
c >7  d 3 

-I-  m £ <o 


o «n  d 
c t— 

4-1  d 
^ c 41 
•—  d Cl 
4>  C 4> 
£ 4)  U 

E 


<e  <o  d c 

4-1  d X3  

m c*4-34~>inin4--»-4- 
dd4jOdd  30d3 
— “ E m O CD 


_4>inin'»-'OW 
u>Qt4-u  — docw 
*4-  •*-  <o  "o  d <o  d 
><—  ai4-'wdt.  •»- 

d <o  t-  o.  d in  > 
'O  o in  d d — 


r-  d 

* xa 

CM  3 


— o 

in  XJ 


d I- 


d -r-  <0  *4-  < 


: 'O  4) 
£ J 
C in  4 


•o  e c 1-  ' 
d u o 4 


o u x: 

;:L8  8 


■o  d d X ••“  <4-  4-1 

fXJ  £ 4-  <Q  C 4a  J 

•r-  4>  49  -O  U.  O Z ■ 

:>  C 3 u o 

o o CTxa  d £ 

»4-  4.  in  -^  £ .—  4-1 

« Q.  CD  > 4-1  — V- 
d -V,  O 49  X 

•t-  d r»-  4.  4.  *4-  £ 

xa  d d Cl  o m d 


. 4-1  xa 

J <o  d *4- 

« £ 4-1  o 


I d V.  d 
' Q.  4-1  d 
I >7  m E 
' d d 


3 *4- 

u o 


> -O  ' 


1 d 07  in  _ _ _ 

: d c d <o  t-  xc 


>7  d X o 

?c  o 

o>-x  t- 

a o fc  i-  o 
i»  <o  C 4-1  in  O * 
1 3 4-*  3 d •—  O' 

d m d *0  u c 

- X3  d d 

3 • 2 m d 4-1  4-1 

:<—dOddc*— 

- .—  O ,—  £ -I- 

' £ *—  >4-  C 1—  <— 


U «_>  Cl  d • 


9 I—  d CL  O 

49  > 4.  O 1 

: £ d 3 o I 


: 4-1  C 

>>  4-1  4-1 
I d O O . 

• xa  c d < 


£ 49  O X> 
; 07  «n  £ 3d 
in  *—  •- 


• o 

CO 

• xa 
m d 


d xa  d Cl 
49  c 4-  Cl 
' o <o  o <o 


d 


> c 

d 


<o  Cl  in  'O 
•o  49  49  •— 
d <L> 


in  d 1/7  *4- 
49  PO 
£ xa  o xa  4-1 

d •—  d c 

4-1  4.  <M  > «- 

lO  f-  f o <o 

C 49  o.  E 


. d 

£ t- 


c d O'  <o 
49 e *-» 
xa  •—  ♦-»  c 

U 49  »—  49  O 
O £ •—  £ <-/ 
o in  <o  *-* 
0£U 
lO  O'  m m o 
c d 
c •-  x>  > ^ 
xa  c -I-  £ 

c 49  in  4-1 

d o d<— 

d d C £ 49 

o "o  d 

4.  - £ 


£ O • «0 

m xa  u E 

d •—  O 3 

07  in  d o £ 

“ 3 d — 


d •— 
M 49 
-I-  4-1 

«n  in 
d 
d ^ 
c d 
O Q. 
d "o 
xa 

3 O' 


d 


• xa  £ d xa 


1 w c 


■ £ a' 


4>  w • 


m o 

07X1  c 
49  C C O 
U £ •-  41  »- 

c m t 

4-  O 49 

M m o d o 

d*4-C  o- 

f—  07  C 49  ■“ 

xa  o d d 

a>  u • 


O 49 


4-* 


49  £ 
d O'  4- 
3 O 
£ O --- 
» 4.  U 

_ lO  O d 

O d £ 
d •-*  £ 
u m 

, d I- 

K O'  n c 
^ c ■»- 

49 


T>  4»  4»  I 

— d c 
d *4-  d o 

X o u c 


d -C  £ 49  t 

> O O £ t X9 

— «x  14.  49  d 

in  d £ in 

d X9  £ 3 

c • d *-i  in 

xa  o £ d 

«X  1/7  d *4-  o £ 

d O Cl 

I I C O 4-1 

. ta  in  > o 

d»  - £ 4J  c 

> ^ 4J  C £ 

^ t O'  d o ^ 

in  _i  £ F •- 

d r -<  d d 'to 
£ X £ C in  £ 

*.1  «n 

>o'*4-  in  3 o 
O 0 3' 
Ot  O d xa  in 
CV7  d £ O d 

icM  £ £ o 

xa  - d c 

C [4*  3 41  I 49 

O t o *•  *>*■• 
ml  d d £ O m 

E.  ■- 

CM  V d c »—  in 
CM  3 4-1  ^ 4-1  d 


d £ '4-  o 


CT*'0^<0O-w  -- 

•F-  d >7*4-  O £ o 

— i-i—O'OCt- 
<4-  C *4  d d 

u --  in  d «-  £ Cl 

o 3 xa  *z  4* 

in  CJ7  in  o in 

*4-  3 C O •»-  C 

O >-  d -49 

d d £ £ d X7 

4-»^C4J4-l*—  d ' 

-f-  4_  d d ni  o 4 

E 0*Xd4-l4-'<4  o 

C O > c - O 
d •EdOO’Oo*— 
ddO'—  £>i^4id*4 
— £ ■>-  49  ' t n xa 

o /a  4->  w »-  in  3 

4-j  <0  4 in  o £ m 
*j  d xa  d c £ £ 
xam£d£  d-»-d 
d 3 4-1  o 41  4 ’ d £ 
c d c d d £ 41 

cj'xadca-^-dxad 
^10  4 e £ d 

m £ 49  Id  4*  > 

dd*i*->'~0£  inO 
T9  /a  »-  4-*  45  xa  £9 

* <0  C 47  47 

49  xa  *n  o 


- xa 


£ d 


I 


I /o  d O - — 

»—  X £ CT*  <n  C £ 

) in  d - d * 1 CT7  £1 
141  >4i£in£--C 

c ino^’Oddin-'- 

in»—  U4»f-xahd 

9 49  C d O vO 

9 L 4->  xa  r-  in  d 4 
■ dinct  »-£>—  OC 

*-»  d 49  49  3 4.1  47 

in  xa  »-  £ r-  CT  £ 
->.,dx>  0'*dC4v 

3in0  4>d049£  o 

> 4 *—  £ r in 

9d4‘0  3*4-inC«-*in 

• E £ E m O - 4^ 

19—  l-dinOb  »~Xa«— 
9 £ 4'  d d xa 

£ m o <0  in 

• • -ii  Cl  m d '• 
74  in»—  49>7^C 

d r-  .r  £ 4 in  *4  r £ 
a 4-1  d T9  C7*  d O 

jinc  49<-x»£xat  o 

I'^i'OdcdO  O'— 

3inci£  £0«“*-'4 
J . « in  ^ 4t  4-' 

-£  £ dm-^**  ♦•49  X9 

«i  o n o c 4— - d 

3010  **'  xaO‘-£ 

c'C'— • in'*  4''7i<oin 
. *4  ^ in  •-  41  - 

li£  n7/id'"^*n4 
.♦>«  / «ni  TOC' 

iinOm494J£C  — •* 


-503- 


X.1 


XJ 


>♦-  ftj  a 
•—  ^ a 

0 a»  o>  3 

01  ^ 

0-  £3 

s/I  •!—  TJ  <1; 

s/>  Oi  ^ 
<U  C *-  ♦-» 
s/i  O 

•-  O-r-  - 

1 CO  U U 

1-  Oi  OJ  O' 

O'  L.  Q.  -o 


O T3  C U 0> 

C 0>  <0  0.1  Cl 

g>  d </> 

O t lO 

w 1.  C c o 

O Ci  o 

»■  - <o  u X-  t 

Of  co  0>  U w 


r;  i/»  4-j  O'  O 

4->  I/I  u u 

O)  «-■  O' 

u •—  x;  i-  s/1 

o c cn  X o« 

I*-  3 u 

u c ••- 

0^  - o > 

r-  C 0<  <-  i. 


c d Oi  <g 

ZD  Q.  E . 4- 

3 0'*-' 

1 CO  t-  c 
o 

C 0)  3 U 
O C CT 
•r-  4-»  0»  O^ 

O ^ ^ ' 

o;  k.  c 
d o O c 

CO  "O  •»-  I- 

C k-  *J 

•»-  O U -o 

0>  O' 

k.  0>  d-r- 

O l/>  CO  «4-  J 

T>  c -»-  < 


ul  W <4-  ^ I 

•-  O O I 

C 4->  0)  ^ 1 
O U L)  01 
dJ  «o  c x:  ( 

col  V.  m 


iO  O'  O*  0<  CO 

Oj  1/1  d o» 

■>-  *4-  o;  cO  f“ 

4-»  W .— 
•r-  U O'  Cl 

<—  O)  ♦»  c d 

••-  d C 4^  3 


t.  O'  k.  •- 
O d ♦-*  <0 
4.  C 4. 

I*-  O'  O 3 

X O 4-'  1 


4-»  u d o 
co  C O' 

O'  <p  4-*  C 
4->  £:  4-»  <o 


O'  U O' 
O'  E 

d C7I  d I 

O C *4-  ' 


d'O'tJd- 

O'  U X O'  ■ 

• - <-  CO  lO 


. CJ>  sO  >,  3 

->  c o d c 

” d L X ? 

1/030 

r o d c O' 

3d  >-  £ 

d I *~t 

- O'  O'  O' 

0 X d c 

: 4-»  c o d 

j O' 

4-*  4->  <0  d 
f TJ  C O' 

. X •-  1 ♦' 


O s/l  r-  O'  4 

I r-  c O' 

-4-'  'O  <Q  4-< 

I <T3  d X fl  wo 

U 0>  «/>  •>., 


J . — -O'  X 

- CO  c d 
U — ID  O 4-* 
3 O'  d <0  O 


■gL 

51^ -t" 

U 3 
o CT  • 
CM  O'  O'  k. 


4-»  O'  0 3 

X so  4—  irt 
«■  d d d 

^ fO  fO  d 

iTJ  O C7>  O 
•I-  O'  ■ — C tJ 

k-  X *-  d 


C OJ  0)  k.  3 

d 4J  o *J 

<0  •—  >4- 

X <0  0*  3 

cO  X E d C 

S/1  ^ O'  4 
s/1  sO  E 

d s/> 


«4-  C <•-  X o 
O '-  O iJ 


4-^  X d d 

i/ik-  d 

C71  U ^ * 
d — 
O'  k.  0} 
01  X 


t/1  WO  1/1 

. k <v  'O 

CO  O'  > 4 ' 
Cl  O'  s/1 


'-.so  U •—  k.  •-  O' 
3*—  OsOSOJ  •—  V 

: dOcOXO/  r-S 

0 ^ s/1  l/l  c <0  4-J 

4-/  o 4-J  4--  k.  U 

- «4-  C n.  <13  so  T3 

-ool  aO'4-'4- 

0 >,S»-  E O 3 

- O'  T)  d <TS  C 

d > c k-  d cn  /a 

••-do  O C E 

9 3 O'  U X 

»•—  cT4-»cyoo'.»x 
r-tjo/cc  4->uo 
>x  ©.-lOcoOO 
4lOC  Qi—  Cl'TIk..— 
T>  d •-  O'  '4-  14- 

. CT*  3 <tJ  4J  X 


•—  SO  s#-  X O'  CO  so 

•—  W O O k.  C 
<0  O •»-  3 TJ 

k-  *Q  4-/  C7>  U 4^  k- 

0>  k.  X C O'  •— 

O'  d cn-r-  so  ••“  o 

X *-  O'  4J  4J 

►-  d 4->  O'  O' 

T*  X <0  d O'  CTi 

*—  -r-  k.  o C 

• 0>  d t 3 P- 

soaiO'3‘4'— •—  d 
d4-'L  no<oui- 
I sO  C-  X O'  O 

03  O)  C 4-'  cO  k.  XI 

k.  X r-  X do 

O c 5 CO  sO  03 

d C •-  ^ CO  o 

c •»-  O'  C 4J  d 

03  d • X 4-  OJ 

o»  C k.  .—  k-4— 

sO  03  O'  t-  •-  O •— 

k *—  4J  3 03  o 01 

a a e a i. 

014—  O0''»-  V sofl 

4-^  •-»  o c d c k 

1 so  “ r-  • 3 ; 

O'  O'  X E sO  sO  T 

•4  d > d O'  O'  c 

O *-  01  - » X d d c 

d X 4-/  4-I  sj  c c 

O'  O'  O'  C 01  •—  k 

CE4~0'Ol4-  C 

^COl"***"cokl.X 

O ^ X S*k  ro  4J  sO  fl 
1 C L 10  4'  cO  X 

•-3  kO'0'>>soc 
•—  coO'dO'soma 


4-»  E -C  d I 

k-  so  d CO  c ' 

CO  3 01  < 

d 3 O'  4 

4 c cr  » ' 

so  O'  O’  • 

k-  d O'  1 

O'  X S4-  c 4J  I 

*-»  O O k.  so 

so  O •>-  I 

- d 3 L ' 

C0»4-  X CT  O 

<V  CO  C X < 

a d X >4 

0/  O'  || 

I so  1 4J  sO  •' 

• O'  d 


so  • O 03  <->  ' 

O'  CM  4-«  X 
r-  . so  O'  ' 

— Id  d O'  ' 

^0'  so  O'  — ' 1 

CT  O'  O 4— 

I/O  0,4- 

“h  ' r • ’ 


; 4-  4—  CM  o »- 

J 4-  tJ  O' 

r 01  o f O'  •—  01 
o c so  o *4  cr 


O'!-'  O'  so  — 

tx  Id  n k.  is 

>s  O'  CT  i 
^ 4-»  4->  O' 

VO  3 so  X 

. X d 4-  ' 

sn  O'  X CO  4-'  I 

' 4—  01  O'  X 

cn  d d X o 1 


03  3 O <—  t 

X X r—  <C 

SO  4J  X Id 

so  0/ 

— <D  C , 

CO  — X --  •— 

. PO  ’ 

4—  X>  so  *4- 

• X d 

CM  4-*  O'  O' 

• X 4->  O d 

sd  O'  <4-  > 

>01  <—  i 


O'  X d -X  O'  ' 

lo  O d U so 

<C  O OJ  01  01 

O'—  X d 


> d •—  > •. 

O O'  •—  4-  o I 

sj  lO  «—  Ct  S3  1 

•p“  01  J 

' 01  X 0/1 

• X lO  > » 

O'  u <- 

cO  *4-  d O'  O'  < 

OJ  O X — s->  s 

d in  r—  O'  ' 

so  n X i 

0/CX4.‘ 

> O ro  so  O c 


k Oi  sO  •>.0' 

O'  so  0/  4-  S.' 

d X X O'  01 

dO/U4.'<4- 
3 *•  C O'  k 

t C 4-  3 4 

>-  U CO  4 

■* 

— O'  X/  n 

4—  n Ai  u . 

O C ' 

C 4-*  »—  X'  *-»  I 

/o  O'  X I 

n d O'  < 


O'  cO  so  I 
Tv  d n X «• 
. XJ  X O'  ' 


4'  X O'  03 

O'  X d 

-■  LTId  X X' 

- C.  0/  4'  O' 

6 O sO  14-  X 

•—  sO  4J  O X> 

L'  n O'  OJ 

o X X O'  X 

0 O'  cl  4 * u o 

J sj  n 

03  O’  O'  <4  O' 

1/  S.1  O X X O 

-so  3 3 4.* 
> >s  SO  sO 

X|  »— 

<o  o*  cn  0/  d 

5 01  4-»  C X X' 

d n -4-  f- 

1 X x>  c 

' d d <g  c O' 

3 SJ  4)  E O'  d 

1 c f *J 

•f-  r . x< 

/ f-  O'  d d 


I n d • 4 p 

' > C k k 4 

<—  so  o O 0/  ' 

iK  4-*  O — 

'4'  Xl  C 4-  •— 

n so  - S4  o I 

b OJ  k J 

L •••  d '-i  XT  4 

1 *S  1“  X'  d 

O X'  X'  so  C 4 

k c 4-  01  I 

' LI  o x<  03  C I 

d SJ  CT.  k .. 


. F ^ p . 

n 4-1  I 

* X'  XI  d p d 

1 •—  lO  c l O'  ' 

03  01  •—  V 

I 4 a X'  p— 

— O O 1 

J x>  O'  4—  n X < 

' I d o>  xJ 

» o 4 » I C 0/1 

IX  o d ' 

*'  V x>  u 

I O C 4-1 

O 4J  C *— 

I O'  O'  — n I 

r ITS  4-»  f i 

U d so  s/I  so 

4'  O'  C 4- 


505 


6.2.1.10  Particleboard.-  Particleboard  is  tbe  inner  core  of  one 
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TRANSIENT  AND  SURGE  PROTECTION  OF  COMPUTER  CONTROLLED  BUILDING 
AUTOMATION  EQUIPMENT 

BY 

James  L.  Howe  and  Edward  Dalman 

DESCRIPTION  OF  TYPICAL  PO'aiERS  INSTALLATION 

1.  Serial  trunk  line 
2 wire 

Tone  signaling 

5OK  baud  transmission 

Party  line 

Half  duplex  transmission 

Terminated  in  600  ohm  characteristic  impedance 

2.  Accensor  trunk 

4 wire  unbalanced 
Party  line 
Unterminated 


Half  duplex  transmission 

3.  Sensor  and  control  lines 
Contact  sensing 
Analog 

Control 

4.  I/O  Bus 

5.  AC  Power 

6.  Cabinets  and  panels 
IDENTIFICATION  OF  TRANSIENTS  VS  FUNCTIONS 

1.  Data  and  acquisition  line 
Induced  transients 

Induced  lightning  strikes  | 

RFI  I 

2.  Power  j 

Induced  transients 

Lightning  strikes 
RF  and  tone  signaling 

3.  Cabinetry 
Static 


r 


IDENTIFICATION  OF  THANDIENT  & CUKGE  SOl’HCES 
1.  Induced 

A r>l:m  made 


Large  equipment  being  turned  on  and  off 
Holaye  or  jnductive  devisea  being  turned  off 
Electric  arc  welders 

High  voltage  and/or  current  power  lines 
HF  equipment 
B Nature 

Induced  lightning 
Direct  lightning  strikes 
2.  Static 

A Direct  (pushbutton) 

B Indirect  (induced  field) 


WAVE  SHAPES 


1.  Power  lines 
Low  impedance 

Rise  time  1-2  us  typical 
Fall  time  50  us  typical 
Crest  2KV  typical 

These  types  of  transients  are  generally  not  adequately  sup- 
jiress^d  in  r.ost  power  supplies. 

2.  Data  acquisition  lines 

A Parallel  transfer  lines 

Line  impedance  about  15O  ohms 
Max  lengtli  about  25  feet 
Rise  time  about  2 us  typical 
Fall  times  about  1,000  us  typical 
Crest  .1  KV  typical 
B Tone  transmission  lines 
600  ohm  typical  impedance 
Rise  time  1-2  us  typical 
Fall  time  2,000  us  typical 
Crest  up  to  10  KV 
C DC  current  loops 

Loop  current  20-60  MA  with  device  characteristics  of 
150  ohms 

Rise  time  1-2  us  typical 
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Fall  time  2,000  ur.  typical 
Crest  ?.KV  typical 

These  lines  are  p;enei‘ally  twisted  pair  balanced  lines 

PROTECTION 

1.  '.'.'hen 

A Conception  at  systems  level 

B otresst  I at  desipn  stage,  both  electrical  and  mechanical 
C Build  an  i test  prototype  on  systems  level 
D Verify  with  field  test 

2.  V.'/iero  and  how 

A Power  lines-entry  point 
B Switches  on  panels  and  cabinets 
C I/O  lines  entry  to  cabinet 
D Proper  system  grounding 
E Float  signal  grounds 
F Cabinet  design  for  EMI  and  Hr’l 

no  ungrounded  sections  such  as  doors  or  panels 

3.  Shielding 

A Hun  lines  in  grounded  metal  conduit 
B Separate  pow'er  and  transmission  lines  min.  of  6 in. 

C Use  ground  wire  or  shield  above  buried  cable  as  shield 
Ground ing 

A Connect  sh.ields  to  earth  ground  not  signal  g.round 
B Float  signal  ground 

C All  po\,-er  lines  must  include  a separate  earth  ground 
v.'ire  and  run  in  tlie  same  condui  t 
I)  The  grounding  rt'sistance  shiOuld  be  about  .1  ohii.s  max. 

at  the  ground  rods  (incoming  water  pipe) 

E Cabinets  should  be  grounded 

F Examination  of  building  ani  if  the  building  cole  is 
used,  (r.uch  as  bonding  of  different  ground  syste”'; 

5.  Electrical  power  lines 
A Transmissi  on  line:; 

B Data  acquisition  linos 
Gas  surge  arrestors 
Special  desi/niate  i sentu’  dio  ’.es 
Metal  o>. ) (li^.ed  v.u-i  stern 
Filtei  ;■ 

C,l  PU'  I OI  S 
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MEASURING  TECHNIQUE 


Optical  couplers 
Optical  transmission 


1.  Test  equipment 

Transient  and  sur^^e  generator 

Test  probe  representing  the  charge  on  a human  body  used 

2.  Test  applied 
Power  linos 
Transmission  lines 
Data  acquisition  lines 
E-field 

H-field 
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PRO! ECTORS 


4E6  BARE  SOLID  WIRE 
SECURELY  SUPPORTED 
(NO  CONDUIT  REQUIRED) 


y I]  1]  COLO  WATER  PIPE 



/, 

'6  MIN 


L-V/Z// 


'GROUND  CLAMP 


Lio  Right  ComvjECTioR. 


-GROUND  ROD  TO  BE 
^"diameter  copper 

ROD  OR  COPPER 
CLAD  STEEL  ROD 


WATERPIPE 

GROUND 

CLAMP 


HEAVY  DUTY 

GROUND 

CLAMP 


(IrniMKl  n.iini's  niul  liistiilhtliun. 


I,  2.  3.  Contjnain-j  •* . Kciitriko 

iitroke  Cur  Cfut 

(H  i(jh  Car  rent ) 


100  KA  1 


1 KA  I 


10  A L 

0 0.1  0.2  0.3  spc. 

r.tOLANISM  or  STKOi  K I'ASSAGK  TO  GROl’ND 


e - I 


£ V I 


n I :<ji/n . 
w » *•’-  C 


L 1 S v-iT  Nl  \ T^<AK'.‘^Vc.rsi~r  G»Et4E(^A.io 


\ raoi-ATo-K. 


1 1 t:r  1 


1 

Ho  llu  w 

PI  rx^  G L/vo-j  v'Ccsfi:/.-!, 

11)  ^ 

0 t o*,'c^ 

2 

o \.V.  O Vn/ 

Pi  r-v,\  j avv-.-_.  ,-v,-  (_. 

\I)  : 

•i  4-  4*  0,  t 0 

* / — 0 , 0 0 

3 

■bt-l.  A'b'o 

r^?ptr4«ie.  JjiA.  ,1^1 

,o^. 

^oo  ^,F'  5<d  kV  HiGrt  nJccv-'.^v:  ( Ck'Mvtc^,  ovl^  i loo  ^-.T  ? 

‘J  ‘7 1 rL  2 W c/Mio.oN\.  'Eto--  - !?°o  . 

6 ^^\^JC\  Sivr  l2  i^.i'  ^'O  iCsl  ATto4,l‘i\C.t^  \.'r>T , v' iv^f 


JiE\/vCE. 

ONl5E.(^ 

TEST 


ALL. 


1-1  - Fieli-I)  test  Kie»HoD 
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C J ANOOASCO 
DOT  FAA  AMD  3b0 

■ASHINOTON,  DC  ^0b90 


MERMAN  AYtWS 
NOWTHROR  COWP  AIRC  OIV 
3<^OI  ■ aROAOWAV 

MAMTMOHNe.  CA 


RAr  haraalOw 
FAA  ARD  3S0 

■ASHINOTON,  0 C ^0b90 


JOHN  « Bfr  1L»^  USS 
H DIAMOND  I AH  ORkOO-TM 
2HOO  PO»r«  MILL  RO 

ADELPM  I , MA  ,?0  ^6.1 


Floyd  ■ dlum 

NASA 

SF -ENO 

AENNtOV  SP  CTH,  FL  J,?as»9 


J L HMAUT 

CABLES  OE  LVCN 

NO  «Uf  CAtMfL 

Gt NNE  V ILL  Ifc  MSt  F« ANCE 


GEORGE  HR  IGoS 
GTE  SYL  VANI  A 
8 STREET 

NEEDHAM,  MA  0<?IS>4 


J A BROWN 

DOT  NOb  SUWANNLE  ST 
MAYOllN  BORNS  HE  D-  34  5 
TALLAHASSEE  . Fl  J«»J04 


DONALD  H HURCHNfLt 

DONS  Fl  EC  light  C CN  |n 

781 3 NAPOLEON  STREET 

ORLANDO,  Ft  J/80F 


GEORGE  C APOSTOLAaI-3 

EAA  NAFbC  ANA-140  il- I 4 

ATLANTIC  city,  NJ  07M7N 


JOHN  t BAKER 

BAKER  LIGHT  MOO  PMUT 

J4  MAY  ST 

■EdSTtR,  NY  14S80 


EDWIN  T B AW  TLE  T T 
OSAE  MG  ADCOM/OfC 

PETERSON  AFB,  CO  80914 


DR  R d BENT 

ATLANTIC  SCIENCE  CORP 

1901  N A I A 

INDIAN  MARd  BCH,  FL  3?937 


DR  ROBERT  L BOGGF SS 
MISSION  AVIONICS  OIV 
ADS/F  NAM 

■RIGHT-PATTEWSON,  OH  45433 


HARVEY  HWtbLER 
E AA  AAF-J 

HOO  INDEPENDENCE  bw 
WASHINGTON,  ()  C L»059| 


ARTHUR  L BRUCKSCmmIDT 
BOEING  AEROSPACE  CO 
M/S  43-44 

St  AT  T I E , WA  981/4 


« M BROWN 
NA ->A  KSC 

KENN^1>T  SE’ACt  CENTER 

FLORIDA  J/a99 


H BDH  KF  I T 

HORK I TT  INDG"*  TRIES  INC 
SO  F V I Nl  >1 

» W»  MJNT  • i)M  4 »4/0 


A L ARRAS 

utNEHAC  ELECTRIC  CO 
EP7-4?  ELECTRONICS  PK 
SYRACUSE,  NY 


I Ew  BALLFNgL  P 
ELHEPCO  INC 
5000  NW  37  AVL 

MIAMI,  FL 


LEWIS  BECKER 
kEnTRON  HAWAII  LTD 
/345  mockingbird  LN 
DALLAS,  T < 


C W BERGMAN 

OEF  CCMM  agency  /OCEC 

! HNO  Wit  MLE 

RE  ST  ON  , V A 


JAMES  R HRANSTETTER 

DO  T-F  A A 

NAFFC 

ATLANTIC  CITY,  NJ 


LFO  A BRFTON 
ItIM  CCRPOWAT  ION 
NE  IGHBORHOOD  RD 
KINGSTON,  NY 


DAVID  8ROUDE 
NAtC  FNG  SPEC  L STDS 
CODE  93  13 
L AKE  hurst  , N J 


ME  NRY  BROWN 
FAA  FAST  AFA-4JI 
JFK  APT  FED  BLDG 
JAMAICA,  NY 


HARRY  BURTON,  CHIEF 
Civil  AVIATION  ASST  «P 
FAA  BOX  18  APO 
SAN  F R ANC  I SC  O,  C A 


130/1  I 

\ 


3JI  4/ 


75235 


22090 


08405 


12401 


087  33 


I I 4 30 


9828  3 


CAMl  B LAHlLl 
I 5000  GEOMGF  hi  VD 

CLEARWATER.  Fl 


ROHFRT  w ( ASUN 

US  CfJAST  guard 
F f 0 Bl  D 4 31  f «AW»  OR.. 

I81MT  nMOUTH,  VA  . »»0> 


JOHN  C HASTf  » N 
AM  TEIEPHONF  L TFllGWA 
10  S C ANAl  Sf  22  F I 1. 

CHlCAGf),  II  f.OFiO'- 


M.  I r •«  C ARF'F  N I F R,  IR  . 
i I ..Ht  N 1 > L 1 M I N ASSOC 

I I .*  B»  N»  D H T 4 VE 

('OWN!  » » • A 90242 


>AM|  . I (A. -IDT 
SA  A H ,( 

4 I f N V»'  4 w i»  ' 2 I 

• r NNF  . ’ » S»*  I TR  , » I 3 29  22 


Mt  I w 1 N V H I I SUN 
A4  20  4li-<  ( I M I R T 

I r N->A|  4»  M , F l 3 2 4 OS 


W I I I Y C 4SF 

01 4A  21  4DS/CEMIRT 

WFSTOVIR  4FB,  MA^iS  01022 


JACK  CAtRfT! 

F 4 4 

1400  CHf  ,TNU  I T 

KANSAS  CITY,  MO  r»4  I 2 7 


Hill  C HO  1 SSE  R 

r A A 

2 300  E OF  VON  A^,l  458 

01  •>  PI  A I Nt  S , I I 800  I H 


■b71 


fUWeST 

FAA-A*fc-4?0  MAINT  £ Kv,« 
f»0  t40*S»^»007  ■C«LD>iAy 
PO  CTW  LOSANGELES.  CA 

vOOOn 

U MELVlLt  CLARK 
OEN  StMlCON  INDUS  INC 
PO  BOX  1078 
lEMPE.  A2 

8S28I 

GRAHAM  CLARKSON 
T 1 1 CUPPOPAT  tUN 
100  N strong  AVE 
L I NOE  NHUWST , hY 

1 1 7S7 

WhG  COl L INS 

* MlJMSe-COLt  I NS  LIGHTNlN 

RT  13  AT  hANSHAh  «0 
I ThACA  , NY 

It 

1 AMSO 

ulLbERT  P LONDON 

oEnewal  electric 

PO  BOX  8SS5 

PH IL  AOELPH 1 A • PA 

IR  10  1 

CHUCK  CCNVAV  DIRECTOR 
SOS  INI-OEPT  HXRRIS  ESO 
PO  BOX  37 
Mf  LBCURNt  , «-  L 

3290  1 

UAVIO  C CCOLtY 

gen  telf  co-southeast 

PO  rt«lx  lA  \? 

OUMhAM,  NC 

2 7 7 0 2 

FRANK,  O COPPEDGE 

nagA-kSC 

VP-E  AP 

KENNEDY  SP  CTR,  FL 

328R9 

JOHN  F CURtlE  FT 
general  ELFCTRIC  CO 
100  PLAST ICS  AVE 
p 1 T r SF  lELO.  MS 

01201 

HICHAPO  M COSEL 
FIT  ELECT  ENG  DFPT 
PO  BOX  M50 
MELHOUWNF . f 1 

J2J0  1 

JAMES  COYLE 
FAA- NAF  EC 
AN  A-  3 30 

ATLANI 1C  CITY,  NJ 

08A0S 

JOHN  C CROvFOOT 
OSAF /HO  ADCOM/DEC 
PETERSON  AFo, 

COCO  SPSS,  CO 

809  1 A 

EDmAPO  OALMAN 
POwEPS  PEGuLATOW  CO 
MACAKThup  HLVO 
NURTHHWOOA.  IL 

to00s2 

JOHN  V UtFFENHAUGM 
CUPLE  ELcCTPUNICS  INC 
PD  S 1 1 1 8 1 3 S MAWKE  T 

CHA  T T , TN 

37ACI 

SA YMAN  OE  M IRC  1 OGLU 
BELL -northern  RESEARCH 
PO  BOX  JSI 1 STATIONC 
OTTAMA,  CANADA 

HUGH  m 06NNY 
GEORGIA  INST  OF  TECH 
ECS/ETL 
ATLANTA,  GA 

30  J J2 

V IL8ER  P DODGE 
t NG I NEEH-S I NGER/L I NN 
tJlNGHAMTON,  NY 

1 3902 

V X OOSSETT 
HARRIS  ESO 
PO  BOX  37 
MELBOURNE,  FL 

3290  1 

JOE  DOWNS 

FAA  FTS  fl-3«A-Q*S! 
2300  F DEVON 
OES  PLA  INES,  IL 

SOO  1 H 

MARVIN  0 DRAKE 
FLA  INST  OF  TECH  EF/ME 
PO  80 X 1 1 SO 
MEL80UMNE  . FL 

3290  1 

A G DROTT 
SOUTHERN  HELL 
609  AOO  HLOG 
JACkSCNV ICLE  , F L 

32202 

LOVELL  E EAML 
^ OSAF 

AF I SC/SESO 
NORTON  AFp,  CA 

R2A  OR 

ANDY  EGGENDORFtR 
JOSLYN  ELECTRONIC  SVS 
6868  CORTONA  DRIVE 
OOLE  TA.  CA 

9 30  1 7 

CHARLES  ELMORE 
FEDERAL  AVIATION  ADMlN 
PO  BOX  20636 

ATLANTA,  GA 

30  320 

[-  PI  CMAPD  ENSr  ICE 

FLA  INST  OF  TECH 

PO  nnx  1 1 SO 

MELBOURNE  * F 1 

32R0I 

P A F AL  IT  ICC 
OSAF 

NCA  GAF8 
ROME . NY 

I 14A0 

JACK  FARRANCE 
FAA  A AF  r>l  0 
POO  INDFPENOENCe  AVE 
VASHI  NGT'IN,  D C 

20S90 

PUSSELL  C F ISCMt  P 
OTF  AUTOMATIC  elec  L ah 
PO  BOX  2M7 
NOPTM  1 AkE , IL 

NO  I e>A 

F A F ISHt  R 

G E CO  8LOG  R PM  20R 
100  vUODLAaN  AVE 

p 1 r r SF 1 eld,  ma 

0 1201 

JIM  FISK.  CH  IFF  e LECT 
PO  BOX  7S000 
G«  CINCINNATI  AIRPT 
C 1 NC  1 NNA  T 1 , OH 

AS2  7S 

E G E 1 T/Gf  PAl  n 
HARRIS  ESI) 

PO  nOK  17 
MELUCUPNf , FL 

32  701 

oalmeh  R f qro 
AViONlLs  CTR  OF  AIR  FC 

•r-alc  maies 

ROD  INS  AF  B , oA 

3 1 09H 

JXMf  S R F ORD 
AVIONICS  CTR  OF  Alii  FC 
VR-Al  C MA  1 F s 
ROBINS  AFB,  I..A 

3109  8 

PUSS  F PASIf  P 

ITT  TFi  f CUMMUMC  A T 1 ONS 

2000  S vOlF  PD 

Ot  S FH  A INI  s , U 

600  1 M 

MARVIN  M FRYDENIUNO 
LIGHTING  PROTECT  INS 
SUlTf  20S,  3S  N AYFR 

harvard.  IL 

600  3 T 

CHARLES  R FULTON 
NAVAL  AIR  Tf  ST  CENTER 
SVS  f NG  II  ST  DIRECT 
PATUXFNT  RIVLR,  MD 

20670 

-528- 


JUHN  B GAMMY 

FAA 

NAFEC 

ATL ANT  IC  CITY.  NJ 

0B40S 

CHARLES  GAUSE 
C/Q  M wINCkEL  BECHTEL 
PO  BOX  3S65  POPS  DIV 
SAN  FRANCISCO.  CA 

94  1 1 R 

w J GETSON 
HARRIS  CORP  ESO 
PO  BOX  37 
MELBOURNE.  Fl 

3290  1 

CAHL  GiMHFNS 
NAV  OC  SYS  CTP 
SAN  D( EGO • C A 

JOSE  £ GOUTS 
mart  I N MARI  ETTA 
304B  SARATOGA 
ORLANDO.  FL 

32«06 

L 0 GORF 
COMSA  T 

950  L ENFANT  PLA/AS* 
WASHINGTON,  DC 

20024 

MUBERT  S GOMGhAN 
AF 

AF  TECF  AMMLICATICNS 
PATMlCK  AFB,  FL 

J2‘i»2S 

GEORGE  W GOwOESKl 
AAl  CURPORAT ION 
PO  BOX  6767 
BALTIMORE.  MO 

21204 

eOMUNO  L GRABOwSKl 
RELIABLE  ELECTRIC  CU 
1 1 33  3 ADO  1 SON  ST 
F«  ANKL  I N PK , I L 

bC  1 3 1 

FRANK  J GMAUSSU 
BOO/  ALLEN  APPLIFO  RES 
106  apple  ST 
TINTDN  FALLS,  NJ 

0 /72A 

Sheldon  gross 
faa-eastern  region 

AEA-432  JFK  AIRPORT 
FED  BLDG  JAMACIA.  NY 

J 1 4 TO 

MAX  H A A K 

212  BTM  AVENUE 
INDIALANTIC.  FL 

32  90S 

WALLACE  G HAIGHT 
POWER  t SIGNAL  STS  INC 

PC  BOX  ?ica 

MELBOURNE , FL 

J2J0  1 

ROBERT  L FiAMMACK 
A Te.  T CO  RM  i 40b 
100  EDgEwOJO  NE 
ATLANTA.  GA 

1030  J 

B C MANRAHAN 
BOEING  AEROSPACE  CO 
PO  BOX  3999 
SF  AT  TLE  . WA 

90  1 24 

ROBERT  HARR  1 S 
F AA 

?S00  E DEVON  AGL  A66 
DES  PLA  INES*  IL 

600  1 6 

WILLIAM  C HART 
MISSION  RESEARCH  C0«P 
7 35  SI  ATE  ST  PCD  71R 
SANTA  BARBARA.  CA 

93102 

EDWIN  W HFARy 

lighting  prut  Mf  u CD 

11291  MOORF  WD 
SPRINGVILLE.  NY 

14  14  1 

KENNETH  P MFAMV 
LIGHTNING  PROT  MFC  C.U 
MOORE  RO 
SPR I NG V 1 LLE . NY 

1 4 1 A 1 

LEONARD  U HENDRY 
BEECH  AIRCRAFT  CO«P 
V709  E CENTRAL 
WICHITA.  K ANSAS 

67201 

JAMES  C henry,  JR. 

UN  IV  OF  best  F'LURIDA 
PHY  PLANT  BLDG  19 
PENSACOLA.  Fl 

T2SU4 

HUGH  /.  HE  R 1 T AGE 
AEROSPECE  CORP  BL D 100 
MM  ?S4S 

US  ANGELFS.  CA 

VOOOV 

JOHN  H HERMAN 
RADIO  SCIF.NCF.S  CO 
665  ANDOVER  ST 
LOWELL . MA 

C ! Bb2 

kE  N-  ICH  I H IB  1 
NATL  SPACF  DEV  OF  JAPAN 
2-4-1  HAMAMA TSU-CHO 
M INA TO- KU.  TOKYO  JAPAN 
1 05 

STACY  H HCXKE  TT  JM 
WfSTINGMOUSE  ELFC  COMP 
PO  BOX  IMMF 
BAL  T I MOHE  • MQ 

2 1 203 

ROBERT  N MOKKANfcN 
NAVAi.  TRAIN  EOUlP  CTR 
C ODE  N*.  1 1 
ORLANDO.  FL 

3?ai  3 

GENF  K hUDDLLSTON 
SCHOOL  OF  EE 
GEORGIA  INST  Of  TBLM 
ATLANTA,  UA 

30  132 

JOHN  J HUMPHRIES 
FAA  MM  ?3fc  ACMIN  HLOG 
ME  ALHAM  F If 1 D 
FORT  WURTH.  T* 

76101 

T UM  HUTCHCR  AF  T 
FAA 

2300  E DEVON  AGL  442 
DES  PLAINES.  11 

600  irt 

D E ISBfLl 

BOEINU  AEROSPACE  CO 
PO  BOX  1999 
SE  AT  TLE  . WA 

96  124 

WILL  |AM  JAFF  ERIS 
NASA 

KFNNEDY  SP  CTR,  FLA 

32  7«0 

V t R JAMt  S PC 

HOX  6SR0-54S  COLO  BLVD 

Dt  NVLR  . C Ol  CWADO 

BO206 

1 OWARO  P JAX  T 1 Ml  R 

NA  VAl  AIR  TtsT  CTR 
SYS  ENG  TFST  OIRSVH2 
PATUXENT  MlVlR.  MD 

20670 

W 1 1 L I AM  H JOHNSON 
COR  USAMI  MAOCt.M 
ATTN  PRCPM-PE«fG 
RfOSTONF  ARSFNAl  , AL 

3S10V 

GEiIRtil  JOHNSTON 
f f D AVIATION  ADMt  N 
I045S  f 2STH  AVf. 
AUHURA.  cUl  t>RADI> 

rtOO  1 0 

L D JO»  t 

DOT  HAYOON-MUHNS-HM I0S 
605  SUWANI  y STRf  f f 
T Al  1.  AHASSf  f , F 1 

12  104 

I 


JAMES  M jONtS 
NASA-USC 
IN-  MSO-21 
KENNEDY  5P  CT«,  FL 

326S»R 

JOSEPH  « KA  ISER 
FAA  CENTRAL  ACE-430EH 
601  E 12Tm  ST  RM  1625 
K ANSS  CITY,  MO 

64  106 

WALTER  KARPOWSKI 
digital  EDO  ip  C'JRP 
146  MAIN  ML  6-4/EH6 

MAYNARD.  MA 

GbRO  Kfc  ISER 
GTE  SYLVANIA 
77  A STREET 
NEEDHAM,  MA 

02  1 V4 

DONALD  A KELLY 

NASA 

KENNEDY  SP  CTR,  FL 

328VV 

J FREDERICK  KERJY.  CUMO 
NSWC.  DAHLGRLN  LAti 
ATTN  DT-52/kERHY 
OAHLGREN.  VA 

ED«IN  L KtSLfR 
NAVAL  ElEC  SYS  COMP 
•ASHINGTON,  DC 

20  560 

WILLIAM  H KILCOMDNS 
AIL-UIV  OF  CUTLER-MAM 
ttlb  HRUADMJLLOM  RD 
f arm INGDALE  . NY 

1 1 73S 

J L K I «K  MAN 

ATLT  LONG  LINES  DlV 

100  EOGFwOOD  AVE 

ATLANTA,  GA 

PAUL  kMGM» 

CONSUL  T ANT 

ttl6  NE  PECAN  CIRCLL 

SEHAST IAN,  FL 

J2R5H 

R V KULAR 

OUT  MA  YDUN-HURNS-RMi4  5 
oOd  SUWANNEE  STEET 
T ALLA  MA  SbEE  • F L 

52  304 

GEORGE  E KOPP 

flat  dot 

rao  sw  ?4  ST 

F T 1 AUDE  RO  Al  F . FL 

r ADAAk I KURUSAa I 
NATL  SPACE  OFV  nr  JAPAN 
?-4-l  MANAMA  I SU-C MU 
MINATO-KU  TOKYO,  JAPA 
105 

COL  C S KWOK 
AIR  NAV  FACILITIES  t)  I V 
CHINA  Civil  ALHU  ADM 
TAIPEI.  TA 1 WAN  . ROC 

WALTER  K LAIDLER 
OSAF  24TM  ADS/CEMIRI 
MALMSTROM  4FH,  MI 

JOHN  J LEAMY 
f AA  ANE-4  56 
12  Nfc  ■ England  e x pk 
HURL INGTON,  MA 

0 1603 

P LECAT 

SERVICE  TECH  TELECCM 
12V  OWE  lFLA  ccnveni 
PARIS  CEOEX,  FRANCE 

MW  LECOINTRF 
AIR  NAV  TECS  SCR 
206  ROE  LECOOPAGE 
PARIS.  FRANCE 

i 1 FF 

GTE  SYLVAN!  A 
77  A STREET 
NEEDHAM,  MA 

02  1 R4 

M A i F f Nf  Ft  HFR 

BERMAR  curpurat ion 
6 NEWCASTLE  DRIVE 
NASHUA,  NH 

0 5060 

JA  MFS  L E STEP 
GTE  SYLVANIA 
60  BOSTON  STREET 
SAI.FM  , MA 

RALPH  LEWIS 
AF 

AF  TECH  APPl  ICATIDNS 
P ATW 1 CK  AFn  , FL 

32  J25 

MS  SIGWID  LLEWELLYN 
ATLANTIC  SCIENCE  CORP 
1 VO  1 N A 1 A 
INDIAN  HtlR  BCH,  FL 

52V3T 

RICHARD  J LOSEE 
CEMEC  INC 

450V  N banana  river 
COCOA  hfach,  Fl 

NELS  LCVEGREN 
NASA  DL-NfO-32 
KENNEDY  SPACE  CTR,  FL 

3?69S» 

PAUL  LUNDSGAAWD 

reliable  electric 

1 1 3 3 3 w ADO  1 SON  S T 
F R ANKl  IN  P ARK • IL 

601  51 

M (5  1 oxt  NBERg 

FAA 

2 500  E DEVON 
Oe  S Pi  A 1 M S.  11 

ERVIN  L YON 
M 1 T LI NCOLN  1 AH 
WM  1213  PO  BOX  T 5 
LEXINGTON,  MA 

021  rj 

to  malunl 

REYNOLDS  industries 
HV  VERLUA  CORDILLERA 
GULL  I A , ^ A 

V 50  1 7 

VF  RNON  1 MANi,OL<) 
USAI 

Af  F DL  /I  f ^ 

WPAI  B.  riM  1 .) 

JAMt  S P MAW  If  L»  1 
2?  16  LAKE  VIEW  DR 
MFLHOURNI  , 7 1 

32  Jib 

EVANgFLOS  L MARINOS 
OS  NUCLEAR  Wfc G COMMITS 
WASHINGTON,  DC 

2055b 

1 I ROY  MART  IS 
|A«R»N(<  ( IVfMMTRt  LA  It 

PU  BOX  AOm 
1 1 Vl  UM()W(  . ( A 

PHILIP  H Ml  r>DLf  TON 
A Tt  T CO 

Hll  MAIN  STRIFT 
KANSAS  CITY.  MO 

4 1 4 1 

JOHN  F Mlt.LlR 
» IT-PO  HOX  1 ISO  RM  105 
F XECOT  I Vf  V 1 C 1 t*RF  S 
Ml  L HOURNl  . r 1 

5.’R0I 

iAC  K MflONI  Y 
( OOm  » 1 I ( 5 R|  < 

1 4 1 5m  H4  T M T » UU  « 
•O  M 1 N'5|  » . t 4 

01 


50  )04 


53515 


5V40*? 


ci'iro 


3 I 


f>00  I H 


4 54  5 5 


•44  'y’iO 


•530- 


»OB  MUWMISSETTfc 
MAHMis  eso 
PO  box  37 

MELBOURNE.  f-L  3e^0l 


JOHN  M NAOLICH.  AS0-4A? 

r AA 

PO  BOX  20636 

ATLANTA.  GA  30J20 


DONALD  L NICHOLS 

NASA-KSC  ATTN  SP'FGS 

KENNEDY  SP  CTH.  FL  328‘^-V 


RICMAPO  OOENBERG 

THANST6CTOR  SYSTEMS 

S32  MONTEREY  PASS  RO 

MONTEREY  PARK.  CA  R17S4 


LAWRENCE  fH  SON 
USAF 

AF  TECHNICAL  LAM 

PATRICK  AfH.  Ft  T2«i3S 


GEORGE  PAOLACCI 

FAA-NAFFC 

ANA- S4 1 HLDG  6? 

ATLANTIC  city.  NJ  OHAOb 


CARl  G PE  Tf  MSON 

E AA 

2100  2ND  ST  AMO  7A| 

WASHINGTON.  DC  20SR0 


WINE  ORD  E PORTE  R 
WESTINGHOUSE  ELEC  AERO 
MS-504 • PO  BOX  746 

BALTIMORE.  MO  ?120J 


VERNON  POWELL 
NAVAL  SYS  ENG  CTR 
U4  MEETING  ST  RM507 

charleston,  sc  2R40  1 


JOHN  J MULC I • JR • 

BEECH  AIRCRAFT 
R70R  EAST  CENTRAL 

WlLHI  TA  . KS  67201 


JACK  E NEIBERT 
AT6T  LONG  LINLS  OIV 
1 1 0 BELMONT  DR 

SOMERSET.  NJ  0B873 


GEORGE  NIlSEN 
WINTER  PARK  telephone 
PO  BOX  3000 

ALTAMONTE  SPRINGS.  FL  32701 


UANIE.L  T O'CONNELL 

ELEC  ENG  NwS  FAC  ENG  d 

6060  IJTH  ST  RM  616 

SILVER  SPRING.  MD  20910 


EARL  t PALMER 
E AA 

EAA  BLDG.  BOEING  FLD 

SEATTLE  • WA  98106 


JACK  G PARKER 

FAA  ELEC/MECN  ASW  442 

E AA- SOUT MWE ST  REGION 

F T WORTH.  TX  76101 


CHARLES  W PILGRIM 

FAA  WESTERN  REGION 

PO  BOX  9200 7-wURLOwAY 

LOS  ANGELES.  CA  90009 


HOMER  POUND 

WEST  RESERVE  LIGHT  HOD 
HUX  223 

CHAGRIN  FALLS.  OH  44022 


A L PRESTON 

PAN  AM  JFK  InTL  AIRPT 

HANuER  14  ROOM  220 

JAMICA.  NY  1 I 430 


JACK  MULLER 

FAA  NAFEC 

ANA  330  BLOG  301 

ATLANTIC  CITY.  NJ  08405 


GARY  L NEWKIRK 
IBM  CORPURAT ION 
NEIGHBORHOOD  RO  6/V3 
K INCSTON.  NY  1240  1 


W J NORDMAN 
SOUTHERN  BELL 
609-400  building 

JACKSONVILLE.  FL  32202 


JOHN  OHNSTAD 

FAA,  central  REGION 

601  E 12TH-RM1625 

KANSAS  CITY.  MU  64106 


ARMANDO  R PAnARIELLU 
NOAA-NWS  ENG  OIV  W514 
8060  I 3TM  STREE  T 

SILVFR  SPRING.  MD  20910 


WARRF  N PFF  I F 
PURDUE  UNIVERSITY 
SCHOOL  OF  ELEC  ENG 

W LAFAYATTE.  IN  47407 


J A PL  UME  « 

GE  CO  BLOG  9 RM  209 
100  WCCOLAWN  AVE 

PI  TTSF  IFLO.  MA  0 1201 


ANN  POUND 

WEST  RESERVE  LiuHT  ROD 
BOX  223 

CHAGRIN  falls.  OH  44022 


P H HADFME  YE  H 
MC  OONNFLL  DOUGLAS 
BOX  526  BLO  601  Jl  7 
ST  LOUIS.  MU 


ROBERT  P RASK0WIT2 
PANASONIC  CO  ELD/  ID 
ONE  PANASONIC  WAY 

SeCAUtOS.  NJ  07094 

WILLIAM  F REEVE 
ICON  CORP  MSr-303 
5575  STEMEETT  f>L 
COLUMBIA.  MO 

2 1044 

ANDREW  W RtVAV.  JR. 
FIA  INSTITUTE  Of  TECH 
PO  BOX  1 1 SO  EE  DEPT 
Mk-LBOUMNE  , » L 

3290  1 

PF  TER  R IC  HMAN 

KEYTE.K  instrument  CORP 

220  GROVE-PO  BOX  109 

WA( THAM.  MA  C2 1 54 

W ILL  1 E H ROBERTS 
FAA  PO  BOX  9200 7 
worldway  POSTAL  CTR 
1 OS  ANGl  LF  S . C A 

90009 

CHARLES  B ROBERTS 

NASA-KSC 

ATTN  VP  • A VD  22 

Kf  NNF  UY  SP  CTR.  FI 

.32922 

JOHN  ROGERS 

SURE  AC  f SYSTEMS  INC 

PO  BOX  9927 

ST  LOUl  S , MO  6 11  22 

JASON  M ROD  1 Sll  L 

NASA 

Kk  NNE  1>Y  ->P  CTR.  f 1 

12899 

HARRY  RYAN 
TRANS  Tf  C TOR  SYSTEMS 
532  MONTfMfr  PASS  RO 
MONTfRFT  PARK.  CA 

91  754 

•531 


F S SAKATE 

F AA 

ARD-350 

WASHINGTON,  DC 

20SR0 

bALWiNDER  S SAHRA*  PL 
FLA  TELLPHUNE  CO 
PU  BOX  4B 
LttSBURG,  FL 

32748 

NICHOLAS  A SANGO 
USAF 

1844  EES/EPEUG 
GRIFFISS  AFH,  NY 

1344  1 

M Hr  SAMGENT 

FAA-6S00  S MACAWTHUH  « 
PO  BOX  2S082  AAC-102 
OKLAHOMA  city,  UK 

7 J 1 2b 

ARTHUR  L SAWYER 

NASA 

VP-C AP 

KENNEDY  SP  CTR,  FL 

32899 

DONALD  J SCARAF tcE 
USAF-NORTH  comm  AREA 
ATN-EOEXR  GRIFFIS  AF 
ROME  , NY 

1 J499 

HERB  SCHLIMER 
FAA'EASTERN  REAGICN 
FED  BLOG  AEA-4f)3.5 
JAMICA,  NY 

I 1430 

AL  SCHMIDT 

HONEYWELL  INC  MS-72b-5 
I33S0  US  HWV  19 
ST  PETERSBURG,  FL 

3 3 7 J 3 

HERMAN  W SCHOOiJ  JR 
NAVELE  XSySENGCEN 
BLOG  3209  GR  LAKES 
great  LAKES,  lu 

68099 

C A SCOTT 

DOT  HAVOEN-BURNS  RM345 
605  Suwannee  st 

TALLAHASSEE*  FL 

32304 

PHILLIP  P SHELSTAO 
FAA  WORLDWAY  POST  CTR 
PO  BOX  92007  AWE“4bJ 
LOS  ANGELES,  CA 

90804 

ART  SHF.LDUN 
HARRIS  ESD 
PQ  BOX  .3  7 
MELHOURNF , FL 

32901 

LOUl S SHULMAN 

The  foxboro  co 
NBPUNser  Avt 
FOXBORO*  MA 

0203b 

LOUIS  J SILLAV 
HARR  IS  ESD 
PO  BOX  37 
MELBOURNE,  FL 

32901 

J P SIMI 

CABLES  DE  LYON 

60  RUE  CALMFL 

GENNF V 1 LL I ER S , FRANCE 

RICHARD  S SMITH 
GEORGIA  INST  OF  TECH 
ENG  E XPER 1 STATION 

ATLANTA*  GA 

303  32 

RAUUL  SMITH 
NASA-KSC 

MAIL  COOE  SP-FGS 
KENNEDY  SP  CTR*  FL 

32899 

HARRY  M SM  I T HGAL  l 
NAZLUU  CONSUL TLNS 
44  7 A TL  AN  T I S OR 
SATELL  I TF  DC  M,  F L 

329  57 

JULIAN  J SOLTYS  EMl/WFl 
TECHNICAL  WIRE  PROD  IN 
I2R  OtWMODY  ST 
CRANFORD,  NJ 

C 70  16 

FREDRICK  A SPENCER 
USAF  HU  AFCS/FFNR 
Rl CHARDS-GEBAUR  AFH 

MU 

6 4 0 30 

fstner  w spencfr 

LANG  E LECTRI  C 1 NL 
60/  gRAFF  WAY 
LFE  SUMMl T , MO 

64063 

J R STAHMANN 
12  VIA  HAVARRE 
MF  PR  1 T T I SI.  AND,  F L 

32952 

WILLIAM  STATTER 
F AA  AAF-b  TO 
BOO  INDEPLNUENCL  ave 
WASHINGTON,  DC 

2059  1 

G » STFTSKI  Pt 
CUMMUMCAI  IONS  CANADA 
2 TOO- I LOMHARD  PI 
W1NN1F>FG,  MANl  CANADA 

ARTHUR  L STONE 
AlL*DIV  OF  CUTLFH-MAMM 
COMA(  RD 

DEER  PK,  LONG  IS,  NY 

1 1 T 29 

DONALD  R STuHBS 
NASA-x.SC  UL-NED-12 
HU  HLDO  RM  J44ft 
KENNEDY  SP  LTR,  FL 

T2P9  F 

DFVFRF  A STURM  JR 

NA  SA 

KF  NNF  DY  SH  L TR,  F L 

32899 

MARVIN  F SWIT/FR 
F AA  AAF  >2  10 

HOO  INOHPfUniNCF  AVF 
WASHINGTON,  DC 

2 0S9  1 

JOHN  w lAVLUR  JR 
wtSTINOHOUSF  ELEC  CORP 
PO  BOX  JH97 
HAITI  MORt  • MO 

21203 

A J T A 1 ANI 
NASA-K  SA 
CODt  rS-OSM-A 
KFNNF  OV  SP  CTR,  » L 

.12899 

RICHARD  TRUE 
NAV  OC  SYS  CTW 
SAN  DIF  GO , C A 

92  1 S2 

MIKt  TUCKER 
US  Af 

AF  Tf  C.MNICAL  1 AH 
P ATR  1 CK  AFH,  El 

.1292S 

FRFD  TiIRHF 

WF  S r INGHOL/SI  MFC  C(>RP 
PO  MOK  189/ 

HAL  r 1 MORr  • MD 

2 1 20  5 

VICTOR  M fURfSIN 
tOCXHCro  AIRCRAFT  CHRP 
BOX  50A  BLD  If|-65?S 
SUNNVVU  IE.  CA 

JACK  m T Wf.f  DAI  F 
MN/DOT  DI V OF  AFRO 
RM  41/  TRANSTNIRT  HIOG 
ST  PAUl  « MN 

GS  1 S', 

FDWARD  F VANCF 
STANFORD  RFSIARCH  |NST 
Ml  7 mu  2*SH 
f T worth,  T X 

76  I 1 9 

-532 


WAYMONl)  A V AStL  1 CH.CMOW 
NSWC  OAHLGRt-N  LAO 
ATTN  DT/52/VASeLlCh 
UAHLGWgN.  VA 

2244  8 

LERUY  G walker 
OU  T/F  AA-NAF  EC 
AAF-043  BLOG  22 
/ TLANT IC  CITY,  NJ 

08405 

L F WALKER 

FAA  south  WEST  REGION 
PO  BOX  1689 
FORTWORTH,  tx 

76101 

GliGRGE  M WARD*  JR* 
HAreS  INTERNATIONAL  CO 
PO  BOX  1508 
HUNTSVILLE,  AL 

JbdO  7 

HARRY  P WtBER 
FLUR  IDA  INST  OF  TECH 
OEAN-SCH  UF  SCI  L ENu 
MLLUOURNt , FL 

3290  1 

CHARLES  C WESTFALL 
F AA/NAFEC 
ANA- 1 55 

ATLANT IC  CITY,  NJ 

08405 

RICHARD  S WEYMOUTH 
NAVAL  COAST  SYS  LAD 
MANAMA  city,  FL 

J2407 

CAWRtLL  O WHITESCARVER 
MARTIN  MAR  I E T T A-ORL ANDU 
PU  BOX  5HJ7-MP  240 
URLANDU,  FL 

32805 

MILTON  WILEY 
WILCCX  LLECTRIC  CO 
1400  CHESTNUT 
KANSAS  city,  mo 

64  1 2 7 

C L WILKERSON  JR 
martin  MARIETTA  CCWP 
3»U  HUX  58J7-MP  24t 
UWLANOU,  FL 

J2805 

K J W ILL'DUT/A V 1 AT  1 UN 
HAYDEN  BURNS  bUlLDlNu 
JOOb  SUWANNEE  ST 
TALL  AHASSEt  , FL 

32  304 

LAVERGNE  E WILLIAMS 
THE  AEROSPACE  CORP 
PO  BOX  2120b 
KENNEDY  SP  LTR,  FL 

J2H  1 5 

MAR  TIN  H M I N ANDY 
GTE  AUTOMATIC  ELECTRIC 
LABS  INC 
NORTHt  AKE  , IL 

00104 

RONALD  J WUJTASINSKI 
NASA 
I N-MSD- 1 

KENNdDY  SP  CTH,  FL 

3289R 

JIMMY  A WOODY 
ENG  experiment  station 
GA  INST  OF  TECH 
ATLANTA,  GA 

JO  3J2 

MARV  IN  1 *»R  I GHT 

NASA -K  SC 
m)-F  FD-2  1 

KENNfc  DY  SP  C T R , F L 

J28R9 

Y C WU,  ELtC  ENG 
AIR  NAV  FACILITIES  DiV 
C^tlNA  CIVIL  AERO  ADM 
TAIPLI,  TAIWAN.  ROC 

A 1 ME  J YOCCA 
FLORIDA  DOT 
780  SW  24  STREET 
F T L AUDFHD  AL  E . FL 

33  115 

AIMF  J YOCCA 
TLORIOA  DOT 
7H0  Sw  ?A  STRf  F T 
F T L AUDLRDAl  t . F L 

i 1 1 1 b 

FRED  2ALOUOEK 
f AA  ARM>4  34 

10455  f.  2STM  ST 
AURORA,  CO 

800  1 0 

JOHN  f /YCH 
1842  EEG  ESISE  AFCS 
BLOG  106  «M  lOV  USAF 
MS  105H  RGAFH,  MO 

64030 

-533- 


